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Summary 
This dissertation is concerned with the synthesis of functional polymers prepared by ring-
opening reaction of functional five-membered cyclic carbonates with polyamines. The 
functionality of the polymers defines their properties and their application: multi-functional 
poly(ethylene imine)s for antimicrobial polymer and primer polymer for textile finishing were 
prepared. 
The main concept for the synthesis of multi-functional polymers comprises the coupling of 
two (functional) amines using a dicarbonate linker, (2-oxo-1,3-dioxolan-4-yl)methyl phenyl 
carbonate (I). This molecule has two electrophilic sites with different reactivity: a highly 
reactive phenyl ester carbonate and a less reactive α-glycol carbonate. At low temperature, 
the phenyl ester carbonate reacts with an amine and forms a urethane group; it should be 
noticed that the only observed leaving group is phenol. The cyclic carbonate reacts via ring-
opening at slightly higher temperature but only after total consumption of the phenyl ester 
carbonate. According to this observation, the dicarbonate I was reacted with an equimolar 
amount of the desired amines to prepare functional cyclic carbonates (II). 
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Functional cyclic carbonates (II) were prepared also from (2-oxo-1,3-dioxolan-4-yl)methyl 
chloroformate (III) and from 3-chloro-1,2-propanediol (IV). More than 20 different cyclic 
carbonates bearing different functional groups such as hydrophobic chains of various lengths, 
ammonium groups, sulfonate groups, amphiphilic groups, reactive groups, and labeling 
groups (benzyl, pyrene, and fluoresceinamine), were prepared. 
If the ring-opening reaction of these functional cyclic carbonates with several polyamines 
such as poly(vinyl amine), poly(allyl amine), poly(ethylene imine), and polylysine, were 
investigated, only reactions with poly(ethylene imine) (PEI) gave satisfactory results for both 
cationic and hydrophobic functional carbonates in terms of high conversion of the primary 
amine groups of the polymers and absence of side reactions. Multi-functional PEI can be 
obtained in a one-step synthesis by reaction with different functional cyclic carbonates. 
Amphipathic polymers act as antimicrobials, thus PEI was functionalized with cationic and 
hydrophobic groups. In order to study the structure–properties relationship of these water-
soluble amphipathic PEIs, different parameters were varied: (i) the molecular weight of PEI, 
16 Summary 
(ii) the ratio of alkyl to cationic groups, (iii) the length of the alkyl chain, (iv) the structure of 
the hydrophobic group, branched or not branched, (v) the nature of the ammonium group via 
substitution of a methyl group by long alkyl group. The critical aggregation concentration, the 
hydrodynamic radius and the minimal inhibitory concentration of the obtained polymers were 
determined in order to better understand the correlation between the physical properties of the 
polymers and the interaction with the biological membranes. 
For antimicrobial coatings two different approaches were considered: (i) water insoluble 
polymers (but soluble in organic solvents) such as PEI functionalized with octadecyl chains 
and cationic groups and (ii) water soluble polymers bearing reactive allylic, cationic and 
hydrophobic groups which after coating were thermally cross linked. 
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Zusammenfassung 
Die vorliegende Arbeit befasst sich mit der Synthese von funktionellen Polymeren, die 
durch Ringöffnung von funktionellen, fünf-gliedrigen, cyclischen Carbonaten mit Polyaminen 
hergestellt werden. Die Funktionalität der Polymere bestimmt ihre Eigenschaften und ihre 
Anwendungen: es wurden multifunktionelle Polyethylenimine für antimikrobielle Polymere 
und Primer-Polymere für die Textilausrüstung dargestellt. 
Das zugrunde liegende Konzept der Synthese von multifunktionellen Polymeren beinhaltet 
die Kopplung von zwei (funktionellen) Aminen mit Hilfe eines Dicarbonat Kopplers, (2-Oxo-
1,3-dioxolan-4-yl)methylphenylcarbonat (I). Der Dicarbonat Koppler hat zwei elektrophile 
Gruppen, deren Reaktivität stark unterschiedlich ist: ein hochreaktives Phenylestercarbonat 
und ein weniger reaktives α-Glycol Carbonat. Bei niedriger Temperatur reagiert das 
Phenylestercarbonat mit einem Amin unter Bildung einer Urethangruppe, dabei ist Phenol die 
einzige Abgangsgruppe. Das cyclische Carbonat reagiert durch Ringöffnung bei höherer 
Temperatur, allerdings erst nach vollständigem Umsatz des Phenylestercarbonats. 
Entsprechend dieser Beobachtung wurde das Dicarbonat I mit einer äquimolaren Menge des 
gewünschten Amins umgesetzt, um funktionelle cyclische Carbonate herzustellen (II). 
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Funktionelle, cyclische Carbonate (II) wurden auch aus (2-Oxo-1,3-dioxolan-4-yl)methyl-
chloroformiat (III) und 3-Chlor-1,2-propandiol (IV) hergestellt. Dabei wurden mehr als 20 
verschiedene cyclische Carbonate synthetisiert, die mit unterschiedlichen funktionellen 
Gruppen ausgestattet wurden, darunter hydrophobe Ketten unterschiedlicher Länge, 
Ammoniumgruppen, Sulfonatgruppen, amphiphile und andere reaktive Gruppen, sowie 
Labellinggruppen (Benzyl, Pyren, und Fluoresceinamin). 
Die Ringöffnungsreaktion dieser funktionellen, cyclischen Carbonate wurde mit 
verschiedenen Polyaminen, wie Polyvinylamin, Polyallylamin, Polyethylenimin und 
Polylysin, untersucht. Dabei ergaben nur Reaktionen mit Polyethylenimin (PEI) sowohl für 
kationisch als auch für hydrophob funktionalisierte Carbonate befriedigende Ergebnisse, das 
heißt hohe Umsätzen der primären Amine des Polymers ohne Nebenreaktionen. 
Multifunktionelle PEIs wurden über eine Eintopfsynthese durch Reaktion mit verschiedenen 
funktionellen cyclischen Carbonaten hergestellt. 
18 Zusammenfassung 
Amphipathische Polymere wirken antimikrobiell, daher wurde PEI mit kationischen und 
hydrophoben Gruppen ausgestattet. Um die Struktur–Eigenschafts-Beziehung dieses 
wasserlöslichen amphipathischen PEIs zu untersuchen, wurden mehrere Parameter variiert: (i) 
das PEI Molekulargewicht, (ii) das Verhältnis von Alkylketten zu kationischen Gruppen, (iii) 
die Länge der Alkylketten, (iv) die Struktur der hydrophoben Gruppe (verzweigt bzw. 
unverzweigt) (v) die Art der Ammoniumgruppe durch Substitution einer Methylgruppe durch 
eine längere Alkylkette. Die kritische Aggregations-Konzentration, der hydrodynamische 
Radius und die minimale Inhibitorkonzentration der hergestellten Polymere wurden bestimmt, 
um den Zusammenhang zwischen physikalischen Eigenschaften und Wechselwirkungen mit 
den biologischen Membranen besser zu verstehen. 
Um antimikrobielle Beschichtungen zu generieren, wurden zwei unterschiedliche Konzepte 
verfolgt: (i) Es wurden Beschichtungen mit wasserunlöslichen Polymeren (die aber in 
organischen Lösungsmitteln löslich sind), wie z.B. mit Octadecylketten und kationischen 
Gruppen funktionalisierte PEI erzeugt und (ii) Beschichtungen aus wasserlöslichen 
Polymeren, die reaktive kationische, hydrophobe und Allyl-Gruppen tragen, wurden nach 
Beschichtung thermisch vernetzt. 
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Chapter 1: Introduction 
1.1 Functional polymers 
Functional and furthermore responsive polymers present a topic of increasing importance in 
polymer science since the end of the last century.1 Yet regarding functionality synthetic 
polymers are by far inferior to natural macromolecules, e.g., enzymes, molecular motors, 
chaperones, pores, etc. On first glance a relatively simple functionality, like an amphipathic 
polymer, i.e., latent amphiphilicity that is only fully developed in contact with an interface, 
has to our knowledge not been realized in a satisfactory way. 
Several strategies were developed for the preparation of functional polymers: 
1) copolymerization of functional monomers, 
2) copolymerization of protected monomers followed by deprotection/functionalization, 
3) polymer analogous reactions on polymers bearing reactive groups. 
Only general examples will be given here; a few of them were developed in our group. An 
exhaustive study would be far beyond the scope of the introduction of this thesis. 
1.1.1 Copolymerization of functional monomers 
Functional polymers are traditionally prepared by controlled radical polymerization (CRP) 
of functional vinyl monomers like (meth)acrylate or (meth)acrylamide (Figure 1). The 
systems include atom transfer radical polymerization (ATRP), nitroxide-mediated radical 
polymerization and reversible addition-fragmentation chain transfer (RAFT) polymerization. 
Alternatives to CRP are ring-opening polymerization of functional monomers, such as 
glycidols,2,3 aziridines,4 and other heterocyclic monomers. 
RF1 RF2 RF3
+ +
RF1 RF2 RF3
RF1 RF2 RF3
+ +
RF1 RF2 RF3
X X X
XXX
(a)
(b)
 
Figure 1. Vinyl (a) and ring-opening (b) polymerization of functional monomers. 
E.g. ternary copolymers of butyl, methyl, and allyl methacrylates were used for the coating 
of a metallic shape-memory actuator.5 Functional thermoresponsive polymers are exemplarily 
obtained by copolymerization of N-isopropylacrylamide and 3-(methacrylamidomethyl)-
pyridine,6 or of 2-(dimethylamino)ethyl methacrylate and benzophenone methacrylate.7 An 
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antimicrobial polymer can be obtained by copolymerization of 2-hydroxyethyl acrylate and a 
phosphonium salt-functionalized methacrylate.8 Some of the functional groups, such as 
carboxylic acids or primary/secondary amines are not suitable for controlled radical 
polymerization and, additionally, incompatibility problems between some functional 
monomers can occur thus leading to difficulties in copolymerization.9 
1.1.2 Copolymerization of protected monomers followed by deprotection/functionaliza-
tion 
A solution to most of the problems described above is the copolymerization of monomers 
bearing orthogonal protective groups. Reactive groups can be selectively deprotected and 
liberates a chemical function which can be eventually further functionalized. Other functional 
groups can be further introduced if the copolymer bears more than one protective groups in 
order to obtain multi-functional polymers. Protected monomers with masked acid groups 
involve tert-butyl (meth)acrylate, trimethylsilyl methacrylate, benzyl methacrylate, 2-
tetrahydropyranyl methacrylate, and p-nitrophenyl methacrylate.10 After acid hydrolysis, 
thermolysis, or catalytic hydrogenolysis, these protective groups liberate their original acid 
functionality which can covalently modified with a broad range of functional groups, such as 
fluorophores, electroactive groups, perfluorinated moieties, dyes, and other bio-related 
materials (Figure 2). Protected amine groups involve NH2-tert-butoxycarbonyl protected 2-
aminoethyl methacrylate.11 
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RP1 RP2 RP3
+ +
RP1 RP2 RP3
RF1 RP2 RP3
Deprotection,
(functionalization)
RF1 RF2 RP3
RF1 RF2 RF3
RP1 RP2 RP3
+ +
RP1 RP2 RP3
X X X
XXX
RF1 RP2 RP3
XXX
RF1 RF2 RP3
XXX
RF1 RF2 RF3
XXX
Deprotection,
(functionalization)
Deprotection,
(functionalization)
Polymerization
(a) (b)
 
Figure 2. Vinyl (a) and ring-opening (b) polymerization of protected monomers with subsequent 
polymer analogous reaction steps of deprotections and functionalizations. 
The same approach can be applied to cyclic monomers with protected side chains such as 
glycidols. The hydroxyl group of glycidol is often protected with tert-butyl, allyl, benzyl, or 
ethoxyethyl groups.12 Complex polymer architectures10,13-15 (brush polymers, star polymers, 
dendritic polymers) can only be achieved with the chemistry of protective groups, this 
method remains cost-expensive and time-consuming and shows its limits for the preparation 
of polymers with three or more functional groups: the different steps of deprotection and 
functionalization become more tricky and their sequence fastidious.12 The functionalization 
steps of deprotected polymers are part of the next point. 
1.1.3 Polymer analogous reactions on polymers bearing reactive groups 
Polymer analogous reactions are probably the most studied kind of reaction in polymer 
science and occur with or without appealing to protective groups. The key-step of this 
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strategy is a kind “step-growth” reaction, in which a covalent linkage is formed between 
functional segments and a polymer bearing reactive groups (Figure 3). 
Z Z Z
Y Y Y
RF1 RF2 RF3
X X X
RF1 RF2 RF3
Z = ester, amide, urethane, amine, ether
 
Figure 3. Polymer analogous reaction (“step-growth”) between a polymer bearing reactive groups and 
some functional segments. 
It is the reaction of electrophilic groups with nucleophilic groups. Suitable nucleophilic 
groups are typically amines and alcohols while electrophilic groups are carboxylic acids, acid 
chlorides, anhydrides, chloroformates, carbonates, (thio)isocyanates, epoxides, and alkyl 
halides. Reaction of carboxylic acids, acid chlorides, anhydrides, chloroformates, and 
carbonates with a nucleophile yields substitution products, while reaction of (thio)isocyanates 
and epoxides yields addition products. Functional polymers can be obtained by polymer 
analogous reactions involving either (i) a polymer bearing electrophilic groups and segments 
or “monomer” bearing only one nucleophilic groups (Figure 3: X = electrophilic, Y = 
nucleophilic) or (ii) a polymer bearing nucleophilic groups and segments bearing only one 
electrophilic group (Figure 3. X = nucleophilic, Y = electrophilic). 
(i) A polymer bearing electrophilic side groups reacts with alcohols or amines bearing the 
suitable functions. For examples, functional polymers are prepared by reaction of functional 
amines with poly(maleic anhydride) or copolymers,16,17 with poly(acryloyl chloride),17 
methacrylate copolymers including 2-methyl-2-oxo-1,3-dioxolan methacrylate5 or phenoxy-
carbonyloxyethyl methacrylate.13 
(ii) A polyol or a polyamine reacts with functional molecules bearing an electrophilic 
group. Poly(vinyl amines) were functionalized with substituted benzoic acids.18 Primary 
amine groups of poly(propylene imine) dendrimers were functionalized with substituted 
pentafluorophenyl ester to form amide moieties19,20 or in two steps with an 2-haloethyl 
isocyanate and subsequently with a dimethyl alkyl amine to attach quaternary ammonium 
groups with a urea link.21 Amine groups of poly(ethylene imine) (PEI) can be decorated with 
amino acids by using N-hydroxysuccinimide esters of NH2-protected amino acids.22 Other 
amidations of PEI include reactions with palmitic acid,23 palmitic acid chloride,24 or methyl 
palmitate.23 Further examples are the functionalization of alcohol groups of poly(2-
hydroxyethyl methacrylate)13 with functional carboxylic acids or chloroformate and of 
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poly(ethylene oxide-co-glycidol)25 with phenyl isocyanate or stearic acid. N-alkylation with 
alkyl halides of tertiary amine groups of poly(vinyl pyridine)26 or its copolymers,27,28 
methacrylate copolymers bearing tertiary amine side groups5,13,29,30 is the usual reaction to 
obtain polymers with cationic moieties. But primary and secondary amines can also be 
functionalized by N-alkylation: poly(ethylene imine) (PEI) was modified with methyl 
iodide,22 or alkyl bromides.22,31 Other functionalities like cationic groups were introduced on 
PEI22 or poly(allyl amine)32 by N-alkylation. Epoxides react with primary/secondary 
amines,33 and alcohols.34 
However, polyamines were still not functionalized by addition reaction of their primary 
amine groups with substituted five-membered cyclic carbonates to yield urethane moieties 
(Figure 4). The preparation of functional ethylene carbonates and their reaction with PEI will 
be the main topic of this thesis. 
RF1 RF2 RF3
NH2 NH2 NH2
Polymer
HN HN HN
PolymerO
O
O
O
O
O
O O O
O
O
O
O
O
O
RF1
OH
RF2
OH
RF3
OH
 
Figure 4. Polymer analogous reaction between a polymer bearing primary amine groups and 
functional cyclic carbonates. 
1.2 Content of this thesis 
This thesis is concerned with the synthesis of functional cyclic carbonates, their reactions 
with amines and polyamines, and the application of the prepared functional polymers in the 
field of antimicrobial polymers and primer polymers for textile finishing. 
Chapter 1 (the present chapter) gives a short introduction on functional polymers and 
presents the content of this work. 
In Chapter 2, a new strategy for the preparation of polycationic polymers with good 
adhesion properties is presented. It is based on the preparation of functional cyclic carbonates 
via a dicarbonate linker – (2-oxo-1,3-dioxolan-4-yl)methyl phenyl carbonate. The synthesis 
of functionalized carbonates and their reaction with monodisperse amines (alkyl amines) and 
a polyamine (PEI) are described. The polymers are characterized by means of their molecular 
structure and thermal properties (thermogravimetric analysis and differential scanning 
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calorimetry). Additionally, preliminary antimicrobial results of low-molecular weight 
monodisperse samples and functional PEIs prepared according to our coupler strategy are 
discussed. 
Chapter 3 deals with the preparation and structural characterization of antimicrobial 
polymers and their microbiological test in solution and as coatings. For preparation of the 
coatings two different approaches were considered: in the first, we used water insoluble 
polymers (but soluble in organic solvents), and in the second water soluble polymers were 
cross linked after coating. 
Chapter 4 describes a systematic structure–property relationship of water soluble 
poly(ethylene imine)s-based multi-functional polymers. The critical aggregation 
concentration, the hydrodynamic radius and the minimal inhibitory concentration against E. 
coli are determined for these samples. The results are discussed under consideration of the 
following aspects: ratio of alkyl to cationic groups, length of the alkyl chains, molecular 
weight of the PEIs, kind of cationic groups and type of hydrophobic groups. Other functional 
cyclic carbonates were synthesized by reaction (2-oxo-1,3-dioxolan-4-yl)methyl 
chloroformate with amines – less active amines or secondary amines – that do not reacted 
with the dicarbonate linker. 
In Chapter 5, the preparation of the dicarbonate linker is explained in more detail. A list of 
all functional cyclic carbonates is given. This chapter includes also the preparation of the 
functional cyclic carbonates which were not described in the previous chapters, especially the 
cyclic carbonate functionalized with a sulfonate group and with a fluoresceinamine, suitable 
as a polymer marker. 
The Appendixes describe the structure of PEI obtained by means of NMR spectroscopy 
(Appendix A), the synthesis of the functional PEIs which were not described in the previous 
chapters (Appendix B) and the hydrolytic stability of an amphiphilic PEI (Appendix C). The 
functionalization of other polyamines (poly(vinyl amine), poly(allyl amine) and polylysine) is 
briefly discussed (Appendix D). This chapter includes a list of all functional polymers 
prepared in this thesis (Appendix C). 
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Chapter 2: Polymers with specific adhesion 
properties for surface modification: synthesis, 
characterization and applications1 
2.1 Introduction 
In most engineering applications, a polymer or a material is selected because of its 
favourable bulk properties, such as mechanical strength, electrical/electronic properties, 
thermal stability and processability. Often, however, the selected material has surface 
characteristics that are less than optimum for the intended application. For instance, the 
surfaces of most engineering polymers in use today are all fairly hydrophobic. Therefore it is 
difficult to modify these hydrophobic polymer surfaces directly with other substances, such as 
adhesives, printing inks, and paints, which generally bear polar groups. In order to improve 
the interaction between polymer surface and coating, anionic groups are introduced to the 
hydrophobic polymer surface by air oxidation which is supported by UV-irradiation or plasma 
treatment.2,3 Polymers bearing cationic groups are able to be adsorbed to a negatively charged 
surface due to the strong cooperative electrostatic interaction.  
For the synthesis of polycationic polymers tailored for the desired surface modification, it is 
particulary favoured if the cations can be added in a simple reaction to a synthetic polymer. 
For example, cationic modification of polymers bearing hydroxy or amine groups is 
possible with 2,3-epoxypropyl trimethyl-ammonium chloride (EPTMAC) (Figure 5). 
E.g. poly(ethylene terephthalate) (PET) has been used successfully in textile technology and 
for the preparation of medical devices, due to its mechanical and biological properties. 
Compared to natural fibres, like cotton, PET is hydrophobic and does not show any water 
adsorption. However, polyesters can adsorb cationic polymers, thus adsorption of cationic 
starch or cationic cellulose derivatives increase dramatically the hydrophilicity of the PET 
surface.4 Cationic starch or cellulose derivatives are produced by reaction with EPTMAC, 3-
chloro-2-hydroxypropyl trimethylammonium chloride (CHTAC) or 3-chloro-2-
hydroxypropyl dodecyldimethylammonium chloride (CHDAC) (Figure 5).4,5 
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Figure 5: Chemical structures of 2,3-epoxypropyl trimethylammonium chloride (EPTMAC), 3-
chloro-2-hydroxypropyl trimethylammonium chloride (CHTAC), 3-chloro-2-hydroxypropyl dodecyl-
dimethylammonium chloride (CHDAC), 2,3-carbonyldioxypropyl trimethylammonium iodide (1) and 
(2-oxo-1,3-dioxolan-4-ylmethyl) dodecylcarbamate (2). 
N-(2-hydroxy)propyl-3-trimethylammonium chitosan chloride (HTCC) – prepared from 
chitosan and EPTMAC – enters in the preparation of blends or composite materials such as 
poly(vinyl alcohol) or poly(acrylonitrile) improving the adhesion to other materials and 
showing in addition good antimicrobial properties.6-9 
In recent years, the use of cellulose fibres for the reinforcement of polymeric matrices as 
alternative to mineral fillers has become increasingly attractive since these materials are 
inexpensive and are obtained from renewable resources. A main drawback is the 
incompatibility of the cellulose fibre and the polymeric matrix. To increase the adhesion 
between fibre and the matrix, cellulose fibres were modified with EPTMAC.10 
Here we report an alternative route for the introduction of ammonium groups into polymers 
by means of functional cyclic carbonates i.e. trimethyl-(2-oxo-1,3-dioxolan-4-ylmethyl)-
ammonium iodide (1) (Figure 5). With a primary amine, this compound reacts by ring-
opening to form a stable urethane group. Poly(ethylene imine), poly(vinyl amine), poly(allyl 
amine), polylysine, or modified polymers like poly(aminoethyl vinyl ether)11 and amino-
functionalized surfaces2,8,10 can thus be modified by treatment with functional carbonate 
building blocks. In addition to ammonium groups other functional ethylene carbonates can be 
used for the modification of polyamines, e.g. cyclic carbonates functionalized with long alkyl 
chains (2). 
Polymers bearing quaternary ammonium groups have beside improved adhesion 
properties4,9,12-18 other useful properties including antimicrobials properties,6,7,19 and antistatic 
properties.20,21 
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2.2 Results and discussion 
The goal of this study was to prepare a cationic hydrophobic coating suitable for materials 
with anionically charged surfaces. As starting material we used a highly branched 
poly(ethylene imine) (PEI) with primary, secondary and tertiary amino groups. To this PEI 
substrate quaternary ammonium groups and/or long alkyl chains were introduced by using 
specifically functionalized carbonate couplers (Figure 6). By these coupling reactions only the 
primary amine groups were converted leaving the secondary and tertiary amine groups 
unchanged. The ammonium groups were used for the interaction with the substrate surface; 
due to the cooperative effect of the ammonium groups a strong interaction between substrate 
and coating was obtained. The alkyl chains are oriented towards the environment and are 
introduced to give the polymer or the surface a hydrophobic character. The ratio between 
ammonium groups and long alkyl chains were varied in order to obtain a good compromise 
between adhesion to the surface and hydrophobicity; however, this ratio must be adjusted to 
every kind of surface. 
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Figure 6. Synthesis of a PEI bearing quaternary ammonium groups and long alkyl chains using 
specifically functionalized carbonate couplers. 
The specifically functionalized carbonate couplers 1 and 2 contain on one side a 5 
membered ring carbonate (1,3-dioxolan-2-one) and on the other side a functional group. The 
primary amine groups of the substrate react with the cyclic carbonate of the functionalized 
coupler with formation of a stable urethane group in addition to a hydroxy group introducing 
the new functions – ammonium groups or alkyl chains – into the substrate. 
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2.2.1 Synthesis of functionalized couplers 
It was our aim to prepare the ammonium functionalized carbonate coupler 1 (Figure 7) 
starting with glycerol (3) or by using 3-chloro-1,2-propanediol (4) as starting materials; both 
products are technical intermediates. Using glycerol (3) as starting material we could prepare 
the hydroxymethyl ethylene carbonate (5)22,23 and the corresponding tosylate 6a,24 however, 
the conversion of the tosylate with trimethylamine to the target molecule was not successful. 
Using 3-chloro-1,2-propanediol (4) as starting material, the cyclic carbonate 6b was formed 
by transesterification with ethylene carbonate.25 But the nucleophilic substitution with 
trimethylamine again did not give the expected product 1. The diol ammonium chloride 7 was 
synthesized from the corresponding chloride 4 but its reaction with phenyl chloroformate or 
dimethyl carbonate in the presence of tertiary amines as catalysts did not give the expected 
product 1. 
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Figure 7. Synthetic concepts for the preparation of functional carbonate 1: a: (MeO)2CO, DABCO, 
80°C; b: TosCl, Py, 0°C; c: Me3N, EtOH, or Me3N, EtOH/DMPU, 65°C; d: Ethylene carbonate, Al2O3 
(basic), 160°C; e: Me3N, EtOH, 65°C or rt; f: PhOCOCl, Et3N, DMSO, 100°C or PhOCOCl, Py, 
DMF, 0°C; g: 1) HNMe2, H2O, 45°C; 2) NaOH, H2O; h: (Et2O)2CO, KOMe, 150°C; i: MeI, THF, rt. 
The successful route starts with 3-chloro-1,2-propanediol (4), which first is converted with 
dimethylamine to give intermediate 8 with a tertiary amine group and a 1,2-diol. By treatment 
of this intermediate with diethylcarbonate transesterification occurs with formation of the 
thermodynamically more stable cyclic carbonate; ethanol is removed by distillation which 
shifts the equilibrium towards the product. Finally the cyclic carbonate is obtained in nearly 
quantitative yield. This general procedure described for the conversion of 1,3 diols into cyclic 
carbonates was applied to 1,2-diols before, however, no yields were reported.26,27 By 
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increasing the excess of diethylcarbonate from 10 to 50% and decreasing the catalyst 
concentration from 5% to 1% an increase of the yield from 57% to 98% in the raw product 
and from 45% to 85% in the purified product was observed. At this point it should be 
mentioned that the cyclic carbonate 9 was purified by distillation; it is very important to 
neutralize the reaction mixture before distillation since traces of alkoxide ions catalyze the 
decarboxylation at elevated temperature with the result of epoxide formation.28,29 
In the last step of the synthesis the tertiary amine was quaternized with methyl iodide in 
THF as solvent; the quaternary ammonium salt 1 is insoluble in THF and was obtained as a 
fine white powder, which is not hygroscopic. Kathzendler did this reaction in benzene and 
recrystallized the ammonium salt 1 from water.30 The product we obtained was pure by means 
of NMR analysis and therefore we renounced to recrystallize the salt from water, since water 
is difficult to remove completely afterwards. 
 The second specifically functionalized carbonate 2 was obtained in three steps using 
glycerol as starting material (Figure 8). Glycerol carbonate 5 was obtained by 
transesterification of glycerine with dimethyl carbonate or ethylene carbonate using tertiary 
amines or sodium hydroxide as catalyst. The carbonate coupler 10 was obtained by reaction of 
5 with phenyl chloroformate and pyridine as acid scavanger.2,23 This molecule has two 
electrophilic sites with different reactivity: a highly reactive phenyl ester carbonate and a less 
reactive α-glycol carbonate. At low temperature (0–25°C), the phenyl ester carbonate reacts 
with an amine and forms a urethane group; it should be noticed that the only observed leaving 
group is phenol proving that the substitution reaction is chemoselective. The cyclic carbonate 
reacts by ring-opening at slightly higher temperature (25–60°C) but only after total 
consumption of the phenyl ester carbonate. Following that principle, the dicarbonate coupler 
10 was reacted at 0°C with an equimolar amount of dodecyl amine. 
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Figure 8. Synthesis of an alkyl chain functionalized carbonate. 
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Figure 9. 1H NMR spectra of: (a) 1 in DMSO-d6 and (b) 2 in CDCl3 and their NMR assignments (# = 
residual solvent, * = water). 
 Chapter 2 33 
 
Figure 9 shows the 1H NMR spectra of 1 in DMSO-d6 and 2 in CDCl3. Due to the chiral 
central carbon atom of the C3-unit (position 2), the protons in positions 1 and 3 are 
enantiotopic. The C3-unit in 1 has distinct signals for the each proton: a doublett of doubletts 
of doubletts with the appearence of a quartet for 2, two doubletts of doubletts with the 
appeareance of tripletts for 1a and 1b, a doublett of doublett and a doublett for 3a and 3b. The 
proton 3b has only a geminal coupling and no vicinal coupling with the central atom. The 
glycerol unit in 2 has only three distinct signals for the five protons: a multiplett (2), a 
doublett of doubletts for 1a, the signals of the three protons 1b and 3 overlap to a multiplett. 
The protons 2 and 1a are quite deshielded; this situation has the advantage that monitoring of 
reactions is facilitated, because the signals of the products will be shifted to higher fields. 
2.2.2 Model reactions 
In order to determine the reaction conditions for a high conversion of the functional 
couplers with polyamines, several model reactions were carried out. Here the most significant 
ones will be presented. In all these reactions a primary amine reacts with the carbonyl group 
of the cyclic carbonate by ring opening and formation of a urethane group and a hydroxy 
group. Two positional isomeric products (regioisomers) are obtained, the ratio of which can 
vary and depends on the reaction conditions, the substituent (R’) on the amine and/or the 
functional group (R) attached to the cyclic carbonate. However, the major product is always 
the isomer bearing a secondary hydroxyl group, demonstrating a distinct regioselectivity 
(Figure 10).31 
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Figure 10. Regioisomers obtained by ring opening addition of a substituted cyclic carbonate with a 
primary amine. 
The quaternary ammonium functional cyclic carbonate 1 reacts easily in water with a water 
soluble amine, e.g. propylamine. At rt, after 3 h, the carbonate was completely consumed and 
NMR analysis confirms the formation of the two isomers 11a and 11b (Figure 11). Under the 
same conditions but in methanol, the ring-opening was completed after 16 h, but the product 
distribution was different; the diol ammonium compound 7 being the major product.  
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Figure 11. Reaction of 1 with propylamine: (a) in water for 3h: 11a (67%), 11b (31%) and 7 (2%) and 
(b) in methanol for 16 h: 11a (15%), 11b (1%) and 7 (84%). 
In conclusion we found that 1 is quite stable in water, and the rate of reaction with 
propylamine is much higher than the rate of hydrolysis. 
The stability in water of compound 1 was studied at rt and at 100°C also in the absence of 
an amine. After 2 days at rt only 16% of the starting material was hydrolyzed while at 100°C 
73% of hydrolyzed product 7 was obtained. The conversion was monitored by NMR 
spectroscopy by comparison of signal 4 with signal 8 (Figure 12).  
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Figure 12. Hydrolysis of 1 in D2O monitored by NMR: (a) at rt for 2 days, (b) at 100°C for 6h, (c) 
pure compound 7 (for comparison reasons) (* = water). 
A mixture of water and THF was chosen for the reaction of carbonate 1 with the water 
insoluble dodecylamine. The amine was preliminary dissolved in THF and added to a solution 
of the quaternary ammonium functional carbonate in water. After complete conversion a 
product mixture was obtained with only 50% of the desired products 12a, 12b in a ratio of 
92/8 (Figure 13).  
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Figure 13. Structure of the products of aminolysis of 1 with dodecylamine. 
The pH dependence of the reaction was investigated in water/ethanol buffer solutions. 
These experiments showed that the reactivity is only slightly dependant on the pH. At pH 5, 
the yield was around 45% and at pH 7 and 9 it reached nearly 50%. 
In order to completely avoid the hydrolysis of the cyclic carbonate we studied the reaction 
in aprotic media. DMAc, an aprotic dipolar solvent, was used and the experiments were 
carried out at 45°C. Under these conditions, no hydrolysis was detected and the yield of 
12a/12b was quantitative. Purification was necessary only in order to remove the excess of 
amine. The ratio between the two isomers 12a/12b was determinated by 1H NMR in DMSO 
under consideration of the hydroxyl groups and the protons in positions 3 and 4; the value 
changed upon purification from 92/8 to 95/5. 
A model reaction for the long alkyl chain functional cyclic carbonate 2 was also performed. 
The carbonate 2 was reacted in chloroform with an excess of 3-dimetylaminopropylamine; the 
product 13a/13b was obtained in quantitative yield. The two isomers were clearly identified 
by means of NMR analysis and a ratio of 13a/13b = 79/21. Results are shown in Figure 14; 
chemical shifts of the protons and carbons of the glycerol unit of the regioisomers were 
assigned and are clearly different.  
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Figure 14. NMR spectra of 13 in CDCl3: (a) 1H and (b) 13C. (A = alkane carbons, # = residual solvent 
peak, + = TMS). 
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2.2.3 Synthesis of functional poly(ethylene imine)s. 
The commercial PEI used in our studies is a branched polymer (denoted in the literature 
also as BPEI). The ratio of primary, secondary and tertiary amine groups is ca. 25:50:25.32 In 
this study we report only the modification of the primary amine groups; this means that only 
¼ of the repeating units will be or can be converted. In other words, the degree of 
functionalization with respect to all repeating units can be chosen within a range 0% and 25%. 
PEI was functionalized with only one of the functional cyclic carbonates 1 and 2, or with a 
mixture of both. 
Polymers with two degrees of functionalization were prepared using PEI and carbonate 1: 
PEI-1 contains 5 mol% and PEI-2 25 mol% of ammonium groups (as will be shown later). 
According to the determination of the primary amine content and under the assumption of full 
conversion, this means that 20% and 100% of the primary amine groups were converted to 
urethane groups. Analogously, PEI-3 with 25 mol% long alkyl chains was synthesized from 
PEI and carbonate 2. By using an equimolar ratio of both functionalized carbonates 1 and 2 
PEI-4 with 12.5 mol% long alkyl chains and 12.5 mol% of quaternary ammonium groups was 
obtained. All polymers were prepared in DMAc at 60°C according to the general procedure 
and by using the amount of material given in Table 3. The relatively low yield (71%) of PEI-
4 was explained by the fact that, due to the absence of charges, the lower molecular weight 
fractions of the products were removed during the purification process. 
2.2.4 Characterization of functional poly(ethylene imine)s 
The structure of the polymers was investigated by means of 1H and 13C NMR spectroscopy; 
the assignment was based on the results obtained for the model compounds 12 and 13. The 
NMR spectra of PEI-4 will be discussed exemplary (Figure 15 and Figure 16). In the 1H 
NMR spectrum the coupling between PEI and the functional carbonates is proven by the 
urethane signals 8 which overlap with those of signal 14A. Further the CH2-NH group 
adjacent to the urethane group (signal 7) was shifted to lower field compared to the CH2-NH2 
group of the starting material. In addition the CH3 and CH2 groups of the alkane and the CH3 
groups of the ammonium moiety are clearly observed (signals 26A, 16A, 17A-25A and 13Q). 
In the 13C NMR spectrum the characteristic signals for the building blocks – the propyl 
(signal 10Q-12Q) and glycerol (signal 10A-12A and 10’A-12’A) – are observed. 
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Figure 15. Structure of PEI-4 with NMR assignment: secondary (signals 1-3) and tertiary (signals 
4,5), ethylene imine repeating units, converted primary ethylene imine repeating units (signals 6, 7), 
ammonium building block (signals 9Q–13Q and 9’Q–13’Q for the two positional isomers), alkane 
building block (signals 9A–26A and 9’A–26’A for the two positional isomers). 
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Figure 16. NMR spectra of PEI-4 in DMSO-d6: (a) 1H and (b) 13C. (# = residual solvent peak, * = 
DMAc, PEI = polymer chain carbons, A = alkane carbons, a–d = product 7). 
In addition the NMR spectra show no characteristic signals of the functional cyclic 
carbonates proving full conversion. Based on the 1H NMR results obtained the composition of 
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the polymers was calculated. Table 1 summarizes the results; the calculated and found values 
are in good agreement, proving full conversion of the primary amine groups. 
Table 1. Composition of the functionalized samples obtained by reaction of PEI with the functional 
carbonates 1 and 2. 
 Building blocks a Impurities Degree of functionalization   
ammonium/alkyl [%] 
No 
PEI 
[wt%] 
Q      
[wt%] 
A        
[wt%] 
DMAc 
[wt%] 
7  
[wt%] Calc.
b
 Found c 
PEI-1 65 22 (94/6) - 12 1 5 / 0 5 / 0 
PEI-2 54 33 (91/9) - 9 4 25 / 0 24 / 0 
PEI-3 38 - 60 (81/19) 2 - 0 / 25 0 / 21 
PEI-4 34 32 (92/8) 33 (77/23) < 1 ~ 0 12.5 / 12.5 14 / 13 
a
 Determined from the signals 11Q and 11’Q for the ammonium building block (Q), 26A and 11’A 
for the alkane building block (A), 1, 2, 4-6 for the PEI building block. In brackets: ratio of positional 
isomers. b Calculated from the mole ratio of functional carbonates 1 and 2 in the feed. c Determined 
from the 1H NMR spectra. 
DSC thermographs indicated that all polymers are amorphous (Figure 17). The glass 
transition temperatures of functionalized PEI are higher than the PEI (Tg = -52.9°C); with 
increasing the degree of substitution the glass transition temperature increases. The 
modification with long alkyl chains additionally increases the glass transition temperature. 
TGA thermographs revealed that the functional PEI samples exhibit a lower stability. 
Modified PEIs with a high degree of functionalization (25%) are stable up to 150°C under 
nitrogen atmosphere. Partially modified PEI (PEI-1) is stable only up to 50°C. At this 
temperature decomposition starts and at 110°C 8.3% mass lose was observed. The 2nd 
decomposition process occurred at approx. the same temperature for all the modified PEI 
samples and can be attributed to the decomposition of urethane group. The low stability of 
PEI-1 is probably caused by catalytic decomposition of the urethane groups induced by the 
primary amine groups. 
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Figure 17. DSC thermographs of unmodified PEI and modified PEI (PEI-1, PEI-2 and PEI-4; 2nd 
heating, Tg given as middle point of the glass transition). 
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Figure 18. First derivatives of TGA thermographs of PEI and PEI-1–4. 
Thin films were prepared by spin coating and were investigated by contact angle 
measurements. They exhibit all homogeneous layers and are quite hydrophilic except for PEI-
3 which is hydrophobic. The films were annealed at 60°C for 30 min and the contact angle 
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was again measured. The hydrophobicity of PEI-3 and the hydrophilicity of PEI-4 were 
enhanced after annealing. By comparison of the films prepared from PEI and PEI-4, the 
hydrophobicity does not change. This means that the effects of the two groups are annihilated. 
The contact angles of PEI-1 and PEI-2 were lower than 20° and was thus were out of the 
measurement range (Table 2). 
Table 2. Contact angle of PEI and functionalized PEI-1-4 (in degrees). 
 PEI PEI-1 PEI-2 PEI-3 PEI-4 
Before annealing < 20 < 20 < 20 66.2 ± 1.4 36.2 ± 1.6 
After annealing 26,6 ± 1,6 < 20 < 20 100.4 ± 7.7 28.6 ± 1.6 
 
2.2.5 Antibacterial assessment. 
The antibacterial properties were evaluated for the compounds 1, 7, 12, PEI, PEI-1, PEI-2, 
PEI-4 and two model compounds containing a quaternary ammonium salt and a long alkyl 
chain (14 and 15). A “shake flask test” was performed with a representative Gram-negative 
bacterium (Escherichia coli K-12 wild-type, DSMZ 498, ATCC 23716). A dilution series of 
the samples in water were prepared, added to nutrient solution and inoculated with bacteria. 
After incubation, the residual colony forming units (CFU/mL) compared to the corresponding 
reference were determined. The cyclic carbonate ammonium salt 1 and diol ammonium salt 7 
had no antibacterial effect. The other low molecular weight substances (12, 14 and 15, all 
functionalized with quaternary ammonium salt and at least one alkyl chain) and the PEI 
functionalized with long alkyl chain and ammonium salt PEI-4 tested at a concentration of 
0.01 wt% exhibited a total inhibition effect on E. coli (minimal inhibitory concentration: MIC 
≤ 100 mg/L). The commercial PEI and the PEI modified only with a quaternary ammonium 
salt (PEI-1 and PEI-2) exhibited a partial inhibition effect of 31, 65 and 61%, resp., at a 
concentration of 0.01 wt% in the testing solution (corresponding to a reduction in the 
CFU/mL from 1.3 · 109 to 9 · 108, 3.8 · 108 and 4.5 · 108 resp.). It should also be mentioned 
that DMAc, contained as impurity in the polymer preparations was tested and did not exhibit 
any effect at 0.02 wt% in the testing solution. 
These results clearly demonstrate that hydrophobicity and cationic charge of the introduced 
substituents strongly affect the antibacterial activity of PEI. 
Compared to the results above using other antibacterial substances like N,N,O-
methyldiethylammoniumethyl-chitosan methylsulfate with a degree of quaternization of 0.49 
and 0.84, a 60 % inhibition of E. coli was observed only at 0.05 wt% (MIC >> 500 mg/L) and 
at 0.008 wt% (MIC >> 80 mg/L) respectively.33 
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With a commercial product containing the low molecular weight active agent Triclosan (5-
chloro-2-(2,4-dichlorophenoxy)phenol)) a total inhibition of E. coli growth was observed at 
0.00002 wt% (MIC = 0.2 mg/L). 
Accordingly, the antibacterial effect of our samples (12, 14, 15 and PEI-4) against E. coli is 
more efficient compared to the chitosan derivative and less efficient compared to the 
commercial product containing Triclosan. 
2.3 Conclusions 
In this paper we have shown exemplarily that polymers with primary amine groups can be 
functionalized with a variety of functional groups by treatment of the polymer with functional 
cyclic carbonates. Specifically we have prepared an amphiphilic poly(ethylene imine) 
functionalized with C12 alkyl chains and quaternary ammonium groups, suitable for 
hydrophobic modification of surfaces. In addition it is expected that these surfaces have 
bacteriostatic properties since water solutions of such polymer exhibit excellent antibacterial 
properties. The application of such coatings can be performed from aqueous media since these 
modified poly(ethylene imine)s are either soluble in water or forming micellar solutions 
depending on the ratio of long alkyl chains to ammonium groups.  
This strategy for functionalization of polymers with pending amine groups is promising, 
because of its high synthetic flexibility. A series of functional cyclic carbonates were prepared 
in our laboratory and will be used for functionalization of poly(amine)s for a variety of 
applications, i.e. hygiene (sanitation), cosmetics and food-processing industry. 
2.4 Experimental section 
2.4.1 Materials 
Starting materials used for the synthesis were of high purity. 3-Chloro-1,2-propanediol 
(Aldrich), glycerol (Acros Organics), diethyl carbonate (Aldrich), dimethyl carbonate (Acros 
Organics), methyl iodide (Acros Organics), dodecyl bromide (Aldrich), pyridine (Aldrich), 
N,N-dimethylacetamide (DMAc, Merck), dimethylamine solution (40% in water, Merck), 
trimethylamine solution (31-35% in ethanol, Fluka), propylamine (Fluka), 1-dodecylamine 
(Acros Organics), 3-dimethylamino-1-propylamine (Aldrich), 1,4-diazabicyclo[2.2.2]octane 
(DABCO, Aldrich) and poly(ethylene imine) (PEI, Mw~25 000 by light scattering (LS) 
Mn~10 000 by gel permeation chromatography (GPC), water-free, Aldrich), were used as 
received. 
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2.4.2 Instruments 
1H and 13C NMR spectra were recorded on a Bruker DPX-300 FT-NMR spectrometer at 
300 MHz and 75 MHz, respectively. Chloroform-d (CDCl3), dimethyl sulfoxide-d6 (DMSO-
d6), methanol-d4 (MeOD) and deuterium oxide (D2O) were used as solvents and 
tetramethylsilane (TMS) served as internal standard. 
Differential scanning calorimetric (DSC) analyses were performed with a Netzsch DSC 204 
in nitrogen atmosphere with a heating rate of 10 K/min. Calibration was achieved using 
indium standard samples. 
Thermogravimetric analyses (TGA) were performed on a TG 209 with a TA System 
Controller TASC 414/2 from Netzsch. The measurements were performed in nitrogen 
atmosphere with a heating rate of 10 K/min. 
C, H, and N elemental analysis was performed on a Heraeus CHN-O-Rapid Elementar 
Vario EL instrument. 
Thin films were prepared from 1 wt% solutions in pure methanol by spin coating at 
2000 rpm. 
The UV/ozone cleaning procedure is an effective method of removing organic contaminants 
from surfaces.34 All the substrates used were preliminary treated with 2-propanol in an 
ultrasonic bath, afterwards, they were exposed to the UV light in UV box under convey of 
oxygen for 12 minutes. The formed gases were conveyed into 5 wt% potassium iodide 
solution which acts as ozone captor before they are released in air. 
Advancing contact angle measurements were performed using the sessile drop method with 
a G40 contact angle measuring instrument (Krüss GmbH). The temperature was maintained at 
20 ± 0.1°C by means of a digital thermostat. With double distilled water as wetting liquid, ten 
droplets were applied to each substrate. The error margin was estimated from variance of the 
set angles. 
2.4.3 Synthesis 
Trimethyl-(2-oxo-1,3-dioxolan-4-ylmethyl)-ammonium iodide (1). Tertiary amine 9 
(5.00 g, 34.4 mmol) was dissolved in THF (35 mL). At rt and under vigorous stirring, a 
solution of iodomethane (9.79 g, 69.0 mmol) in THF (15 mL) was added within 30 min. The 
mixture was stirred for 2 additional hours. The salt was filtered, washed with THF and dried 
at rt in vacuum (~10-2 mbar) to yield a white solid (9.44 g, 95%). 1H NMR (DMSO-d6): 
δ = 3.23 (s, 9H, N+(CH3)3), 3.84 (d, 2J = 14 Hz, 1H, N+CH2), 4.01 (dd, 2J = 14 Hz, 
3J = 9.1 Hz, 1H, N+CH2), 4.24 (dd, 2J = 8.6 Hz, 3J = 7.8 Hz, 1H, OCH2), 4.76 (dd, 
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2J = 8.6 Hz, 3J = 8.6 Hz, 1H, OCH2), 5.56 (ddd, 1H, OCH) ppm. 13C NMR (DMSO-d6): 53.26 
(N+(CH3)3), 66.66 (N+CH2), 66.87 (OCH2), 70.82 (OCH), 153.91 (OCO2) ppm. Anal. calcd. 
for C7H14NO3I: C 29.29, H 4.92, N 4.88% ; found: C 28.96, H 4.88, N 4.82%. 
(2-Oxo-1,3-dioxolan-4-ylmethyl) dodecylcarbamate (2). In a two-neck flask equipped 
with thermometer and dropping funnel, dicarbonate 10 (2.00 g, 8.40 mmol) was dissolved in 
dry THF (20 mL). After cooling the solution to 0°C, a suspension of dodecylamine (1.56 g, 
8.40 mmol) in dry THF (10 mL) was slowly added and the temperature was kept below 5°C. 
The reaction was stirred for 16 h at rt. Solvents were removed by distillation (~20 mbar, 
40°C). The cyclic carbonate 2 was purified by recrystallization from CHCl3/Et2O 
(15 mL/30 mL) to yield 2.35 g, 85 %. 1H NMR (CDCl3): δ = 0.88 (t, 3H, CH3), 1.19-1.36 (s, 
18H, CH2- alkane), 1.41-1.56 (m, 2H, NHCH2CH2), 3.16 (dt, 2H, NHCH2), 4.22-4.38 (m, 3H, 
OCOOCHaHb, NHCOOCH2), 4.55 (dd, 1H, OCOOCHaHb), 4.86-4.95 (m, 1H, OCH), 5.08-
5.18 (b, 1H, NH) ppm. 13C NMR (CDCl3): δ = 14.1 (CH3), 22.7 (CH2CH3), 26.7, 29.3-29.8 
(8C, alkane carbons, 31.9 (NHCH2CH2), 41.3 (NHCH2), 63.3 (NHCOOCH2), 66.0 
(OCOOCH2), 74.5 (OCH), 154.8 (OCOO), 155.6 (OCONH) ppm. Anal. calcd. for 
C17H31NO5: C 61.98, H 9.49, N 4.25% ; found: C 61.11, H 9.75, N 4.04%.  
(Hydroxymethyl)-1,3-dioxolan-2-one (5). Glycerol (23.12 g, 251 mmol), dimethyl 
carbonate (DMC) (67.51 g, 754 mmol) and DABCO (281 mg, 2.51 mmol) were mixed and 
heated at 75°C for 10 h. After distillation of MeOH and excess DMC, glycerol carbonate 5 
was used without further purification for the synthesis of the dicarbonate 10. 1H NMR 
(DMSO-d6): δ = 3.51 (ddd, 2J = 12.7 Hz, 3J = 5.6 Hz, 3J = 3.3 Hz, 1H, CH2OH), 3.67 (ddd, 
2J = 12.7 Hz, 3J = 5.4 Hz, 3J = 2.8 Hz, 1H, CH2OH), 4.29 (dd, 2J = 8.2 Hz, 3J = 5.8 Hz, 1H, 
CH2OCO2), 4.50 (dd, 2J ≈ 3J ≈ 8.3 Hz, 1H, CH2OCO2), 4.80 (dddd, 3J = 8.6 Hz, 3J = 5.8 Hz, 
3J ≈ 3J = 3.0 Hz, 1H, CH), 5.26 (dd, 3J ≈ 3J ≈ 5.4-5.6 Hz, 1H, OH) ppm. 13C NMR (DMSO-
d6): δ = 60.6 (CH2OH), 65.8 (CH2OCO2), 77.0 (CH), 155.2 (C=O) ppm. 
(2,3-Dihydroxy-propyl)-trimethyl-ammonium chloride (7). An autoclave was charged 
with 3-chloro-1,2-propanediol (4, 11.05 g, 100 mmol) and trimethylamine (25 mL, ~ 4.2 M in 
ethanol, 105 mmol) and heated at 60°C for 24 h. After filtration, washing with ether and 
drying in vacuum, a highly hygroscopic white product was obtained with a yield of 13.12 g, 
77%. 1H NMR (D2O): δ = 3.16 (s, 9H, N+(CH3)3), 3.30-3.49 (m, 3H, CHaHbOH, N+CH2), 3.51 
(d, 3J = 5.4 Hz, 1H, CHaHbOH) 4.15-4.27 (br, 1H, CHOH) ppm. 13C NMR (D2O): 54.22 
(N+(CH3)3), 63.66 (CH2OH), 66.40 (CHOH), 68.15 (N+CH2) ppm. 1H NMR (DMSO-d6): 
δ = 3.18 (s, 9H, N+(CH3)3), 3.23-3.55 (m, 4H, CH2OH, N+CH2), 4.04 (br, 1H, CHOH), 5.19 (t, 
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3J = 5.7 Hz, 1H, CH2OH), 5.75 (d, 3J = 5.7 Hz, 1H, CHOH) ppm. 13C NMR (DMSO-d6): 
53.30 (N+(CH3)3), 63.72 (CHOH), 66.05 (CH2OH), 68.38 (N+CH2) ppm. 
3-Dimethylamino-1,2-propanediol (8). An autoclave was charged with 3-chloro-1,2-
propanediol (4, 17.42 g, 158 mmol) and dimethylamine (100 mL 40% aqueous solution, 
785 mmol) and heated at 45°C for 5 h. Excess dimethylamine and water were removed under 
reduced pressure (~20 mbar). A NaOH solution (6.32 g, 158 mmol in 7 mL H2O) was added 
within 1 h under stirring. The salt (NaCl) was filtered and washed 3 times with isopropanol 
(5 mL). Isopropanol was distilled in vacuum and the crude product was purified by distillation 
to yield a colourless oil (12.76 g, 68%, bp1.2 mbar = 72-73°C). 1H NMR (CDCl3): δ = 2.22 (dd, 
2J = 12.4 Hz, 3J = 4.1 Hz, 1H, NCH2), 2.28 (s, 6H, N(CH3)2), 2.50 (dd, 2J = 12.4 Hz, 
3J = 9.0 Hz, 1H, NCH2), 3.48 (dd, 2J = 11.4 Hz, 3J = 5.7 Hz, 1H, OCH2), 3.64 (dd, 
2J = 11.4 Hz, 3J = 3.8 Hz, 1H, OCH2), 3.74-3.84 (m, 1H, OCH), 4.62 (br s, 2H, OH) ppm. 13C 
NMR (CDCl3): 45.75 (N(CH3)2), 62.18 (NCH2), 65.27 (OCH2), 68.39 (OCH) ppm. 
4-(Dimethylamino-methyl)-1,3-dioxolan-2-one (9). A distillation apparatus equipped with 
a vigreux column was charged with 3-dimethylamino-1,2-propanediol (8, 29.27 g, 
245.6 mmol), diethyl carbonate (43.53 g, 368.6 mmol) and as catalyst potassium methoxide 
(172 mg, 2.43 mmol). The mixture was heated to 150°C and ethanol was distilled off. After 
3 hours, excess diethyl carbonate was distilled off in vacuum (~20 mbar) at 140°C. The 
catalyst was neutralized by addition of HCl 5% (1.75 mL). After distillation a slightly yellow 
oil was obtained with a yield of 30.16 g, 85% (bp0.7 mbar = 82-87°C). 1H NMR (DMSO-d6): 
δ = 2.21 (t, 3H, N(CH3)2), 2.56 (d, 3J = 5.6 Hz, 2H, NCH2), 4.16 (dd, 2J = 8.2 Hz, 3J = 7.2 Hz, 
2H, OCH2), 4.55 (dd, 2J = 8.2 Hz, 3J = 8.2 Hz, 2H, OCH2), 4.84-4.94 (m, 1H, OCH) ppm. 13C 
NMR (DMSO-d6): 45.78 (N(CH3)2), 60,46 (NCH2), 67.80 (OCH2), 75.15 (OCH), 154.83 
(OCO2) ppm. 
(2-Oxo-1,3-dioxolan-4-yl)methyl phenyl carbonate (10). Glyceryl carbonate 3 (19.5 g, 
165 mmol) was dissolved in dry CH2Cl2 (200 mL) and pyridine (14.5 g, 59.4 mmol). The 
solution was cooled to 0°C, phenylchloroformate (25.9 g, 165 mmol) was slowly added and 
the temperature was kept below 5°C. The reaction was stirred for 16 h at rt. Pyridine 
hydrochloride was removed by filtration and the solution was washed with H2O and brine. 
The organic phase was dried over Na2SO4 and solvent was removed by distillation (~20 mbar, 
40°C). Yield: 82 %. The dicarbonate 10 was further purified by recrystallization from toluene 
and a fine colourless powder was obtained. 1H NMR (DMSO-d6): δ = 4.39 (dd, 2J = 8.7 Hz, 3J 
= 6.0 Hz, 1H, H2), 4.46 (dd, 2J = 12.4 Hz, 3J = 4.9 Hz 1H, H4), 4.53 (dd, 2J = 12.4 Hz, 3J = 
2.6 Hz, 1H, H4), 4.62 (dd, 2J = 8.7 Hz, 3J = 8.7 Hz, 1H, H2), 5.11-5.18 (m, 1H, H3), 7.25-7.45 
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(m, 5H, phenyl) ppm. 13C NMR (DMSO-d6): δ = 65.7 (C2), 67.5 (C4), 74.0 (C3), 121.2 (2C, 
C7), 126.3 (C9), 129.6 (2C, C8), 150.6 (C6), 152.7 (C5), 154.6 (C1) ppm. Anal. calcd. for 
C11H10O6: C 55.47, H 4.23%; found: C 55.13, H 4.13%. 
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Figure 19. Structure of dicarbonate 10 and its NMR assignment. 
(3-Dodecyl carbamoyloxy-2-hydroxy-propyl)-trimethyl-ammonium iodide (12a) and 
(2-dodecyl carbamoyloxy-3-hydroxy-propyl)-trimethyl-ammonium iodide (12b). To a 
solution of dodecylamine (450 mg, 2.43 mmol) in DMAc (10 mL) at 40°C carbonate 1 
(633 mg, 2.20 mmol) was added. The solution was stirred at 45°C for 18 hours, poured in 
70 mL hexane and stirred vigorously for 10 min. The upper layer (hexane with impurities) 
was removed by decantation. Another hexane portion was added and the separation procedure 
was repeated until the bottom layer became solid. The product was further purified by 
chromatography on silica gel with MeOH/CHCl3/H2O (50:50:1) (v/v/v) as eluting solvent to 
yield a slightly yellow solid (900 mg, 85%, 12a/12b : 92/8 and 95/5, before and after 
purification resp.). 1H NMR (DMSO-d6): δ = 0.86 (t, 3H, H17), 1.24 (s, 18H, H8-16), 1.39 (br, 
2H, H7), 2.96 (dt, 2H, H6), 3.14 (s, 9H, H1), 3.19-3.43 (m, 2H, H2), 3.59-3.65 and 3.83-3.98 
(m, m, 2H, H4’, H4), 4.18-4.32 and 5.03-5.13 (m, m 1H, H3 and H3’), 5.20 and 5.64 (t, 
3J = 5.5 Hz, d, 3J = 5.3 Hz, 1H, OH’, OH), 7.14 (t, 3J = 5.6 Hz, 1H, NH) ppm. 13C NMR 
(DMSO-d6): 13.83 (C17), 21.99, 26.17, 28.61, 28.92, 29.25 (alkane carbons), 31.19 (C7), 
40.17 (C6), 53.38 (C1), 63.71 (C3), 65.60 (C4), 67.59 (C2), 155.68 (C5) ppm. 
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Figure 20. Structure of both isomers of urethane 12 and their NMR assignment. 
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Carbamic acid, [3-(dimethylamino)propyl]-, 3-[[(dodecylamino)carbonyl]oxy]-2-
hydroxypropyl ester (13a) and carbamic acid, [3-(dimethylamino)propyl]-, 2-
[[(dodecylamino)carbonyl]oxy]-3-hydroxypropyl ester (13b). Cyclic carbonate 2 (5.02 g, 
15.2 mmol) was dissolved at rt in CHCl3. After addition of 3-dimethylaminopropylamine 
(2.22 g, 21.7 mmol), the solution was stirred for 2 d under reflux. Solvent and excess 3-
dimethyl-aminopropylamine were removed in vacuum. Diurethane 13 was obtained in 
quantitative yield (13a/13b: 79/21). 1H NMR (CDCl3): δ = 0.88 (t, 3J = 6.7 Hz, 3H, H23), 1.26 
(s, 18H, H14-22), 1.41-1.56 (br, 2H, H13), 1.67 (tt, 3J = 3J = 6.7 Hz, 2H, H3), 2.22 (s, 6H, H1), 
2.35 (t, 3J = 6.9 Hz, 2H, H2), 3.14 (dt, 3J = 3J = 6.7 Hz, 2H, H12), 3.22 (dt, 3J = 3J = 6.0-
6.3 Hz, 2H, H4), 3.68, 3.95-4.21, 4.24 and 4.86-4.96 (d, 3J = 4.7 Hz, m, d, 3J = 4.7 Hz, tt, 3J = 
4.7 Hz, 5H, H7’, H7-9, H9’, H8’), 4.47 (br, 1H, OH), 5.39 and 5.42 (t, 3J = 5.7 Hz, t, 1H, H11, 
H11’), 6.06 and 6.10 (t, t, 3J = 5.2 Hz, 1H, H5’, H5) ppm. 13C NMR (CDCl3): δ = 14.13 (C23), 
22.69, 26.79, 26.93 (alkane carbons), 27.01 (C3), 29.32 (C3’), 29.35, 29.58, 29.61, 29.66 
(alkane carbons), 29.91 (C13), 31.92 (alkane carbon), 39.97 (C4’), 40.15 (C4), 41.18 (C12), 
45.33 (C1), 57.55 (C2’), 57.70 (C2), 61.36 (C7’), 62.90 (C9’), 65.79, 65.90 (C7, C9), 68.74 (C8), 
73.30 (C8’), 156.28, 156.65 (C6’, C10’), 156.69, 156.88 (C6, C10) ppm. 1H NMR (DMSO-d6): 
δ = 0.86 (t, 3J = 6.6 Hz, 3H, H23), 1.25 (s, 18H, H14-22), 1.33-1.46 (br, 2H, H13), 1.54 (tt, 3J = 
3J = 7.0 Hz, 2H, H3), 2.12 (s, 6H, H1), 2.20 (t, 3J = 7.1 Hz, 2H, H2), 2.90-3.06 (m, 4H, H12, 
H4), 3.49, 3.76-3.85, 3.85.-4.00, 4.01 and 4.69-4.80 (d, 3J = 5.1 Hz, m, m, dd, 2J = 11.6 Hz, 3J 
= 6.7 Hz, dd, 2J = 11.6 Hz, 3J = 3.1 Hz, m, 5H, H7’, H8, H7+H9, H9’b, H9’a, H8’), 5.02 (br, 1H, 
OH), 7.04-7.19 (t, 2H, H5, H11) ppm. 13C NMR (DMSO-d6): δ = 13.98 (C23), 22.31, 26.50, 
(alkane carbons), 27.55 (C3), 28.98, 29.02, 29.28, 29.32, (alkane carbons), 29.61 (C13), 31.54 
(alkane carbon), 38.77 (C4), 40.41 (C12), 45.17 (C1), 56.74 (C2), 60.12 (C7’), 63.00 (C9’), 
65.13, 65.18 (C7, C9), 67.21 (C8), 72.60 (C8’), 155.84, 156.10 (C6’, C10’), 156.25 (C6, C10) 
ppm. 
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Figure 21. Structure of both isomers of diurethane 13 and their NMR assignment. 
4,12-Diaza-8-hydroxy-6,10-dioxa-5,11-dioxotetracosan-1-ammonium, N,N,N-trime-
thyl-, iodide (14a) and 4,11-diaza-7-hydroxymethyl-6,9-dioxa-5,10-dioxotricosan-1-
ammonium, N,N,N-trimethyl-, iodide (14b). Tertiary amine 13 (1.50 g, 3.48 mmol) was 
dissolved in toluene (10 mL). At rt and under vigorous stirring, a solution of iodomethane 
(0.99 g, 6.95 mmol) in toluene (5 mL) was added within 30 min. The mixture was stirred for 2 
additional hours. The solution was poured in hexane (200 mL) and stirred for 30 min. After 
decantation of the upper phase, the lower was washed twice with hexane (100 mL). The 
ammonium iodide salt 14 was filtered and dried at rt under high vacuum (~10-2 mbar) to yield 
a slightly yellow solid (1.69 g, 85%, 14a/14b: 80/20). 1H NMR (DMSO-d6): δ = 0.86 (t, 3J = 
6.6 Hz, 3H, H23), 1.24 (s, 18H, H14-22), 1.31-1.49 (br, 2H, H13), 1.78-1.93 (br, 2H, H3), 2.94 
(dt, 3J = 3J = 6.4 Hz, 2H, H12), 3.00-3.16 (m, 11H, H1, H4), 3.28-3.37 (m, 2H, H2), 3.50 (dd, 3J 
= 
3J = 5.0 Hz, 2H, H7’), 3.73-4.04 (m, 6H, H7-9, H9’b), 4.17 (dd, 2J = 11.7 Hz, 3J = 3.5 Hz, 1H, 
H9’a), 4.68-4.81 (m, 1H, H8’), 4.88 (t, 3J = 5.3 Hz, 1H, OH’), 5.11 (d, 3J = 4.8 Hz, 1H, OH), 
7.04-7.36 (t, 2H, H5, H11) ppm. 13C NMR (DMSO-d6): δ = 13.89 (C23), 22.06, (alkane 
carbon), 23.05 (C3), 26.22, 28.68, 28.71, 28.98, 29.02, (alkane carbons), 29.34, (C13), 31.26 
(alkane carbon), 37.35 (C4), 40.19 (C12), 45.17 (C1), 63.35 (C2), 64.91, 65.14 (C7, C9), 66.94 
(C8), 156.08, 156.19 (C6, C10) ppm. Anal. calcd. for C23H48N3O5I: C 48.17, H 8.44, N 7.33%; 
found: C 47.83, H 8.82, N 7.34%. 
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Figure 22. Structure of both isomers of diurethane 14 and their NMR assignment. 
4,12-Diaza-8-hydroxy-6,10-dioxa-5,11-dioxotetracosan-1- ammonium, N-dodecyl-N,N-
dimethyl-, bromide (15a) and 4,11-diaza-7-hydroxymethyl-6,9-dioxa-5,10-dioxotricosan-
1- ammonium, N-dodecyl-N,N-dimethyl-, bromide (15b). To a solution of tertiary amine 
13 (1.50 g, 3.48 mmol) in ethanol (15 mL), dodecyl bromide (1.04 g, 4.17 mmol) was added 
and the reaction was stirred under reflux for 24 h. After distillation of solvent, the raw product 
was purified by chromatography on silica gel with MeOH/CHCl3/H2O (50:50:1) (v/v/v) as 
eluting solvent to yield a slightly yellow solid (1.88 g, 79%, 15a/15b: 80/20). 1H NMR 
(DMSO-d6): δ = 0.86 (t, 3J = 6.6 Hz, 6H, H23, H35), 1.24 (s, 36H, H14-22, H26-34), 1.33-1.42 (br, 
2H, H13), 1.55-1.72 (br, 2H, H25) 1.74-1.90 (br, 2H, H3), 2.94 (dt, 3J = 3J = 6.5 Hz, 2H, H12), 
3.03 (s, 6H, H1), 3.06 (dt, 3J = 3J = 6.0 Hz, 2H, H4), 3.21-3.34 (m, 4H, H2, H24), 3.45-3.51, 
3.74-4.03, 4.10-4.24 and 4.67-4.81 (m, m, m, m, 5H, H7’, H7-9+H9’b, H9’a, H8’), 4.90 and 5.13 
(t, 3J = 5.5 Hz, d, 3J = 4.9 Hz, 1H, OH’, OH), 7.09-7.36 (m, 2H, H5, H11) ppm. 13C NMR 
(DMSO-d6): δ = 13.89 (C23, C35), 22.06, (alkane carbon), 22.63 (C3), 25.78, 26.25, 28.52, 
28.71, 28.75, 28.86, 28.96, 29.01, (alkane carbons), 29.37, (C13), 31.28 (alkane carbon), 37.35 
(C4), 40.21 (C12), 49.98 (C1), 60.83 (C24), 63.03 (C2), 64.91, 65.11 (C7, C9), 66.94 (C8), 
156.07, 156.19 (C6, C10) ppm. 
52 Polymers with specific adhesion properties for surface modification…  
O
O
N
H
OH
ON
H
N
+
H25C12
O
O
O
N
H
ON
H
OH
O
N
+H25C12
Br
Br
1
2
3
4 5
6
7
8
9
10
11 12
13
14 22
23
1
2'
3'
4'
5'
6'
7'
8'
9'
10'
11' 12
13
14 22
23
15b
15a
24-35
24-35
 
Figure 23. Structure of both isomers of diurethane 15 and their NMR assignment. 
General procedure for functionalization of PEI with substituted cyclic carbonates: 
PEI-1-4. To a solution of PEI in DMAc (10 mL) at 60°C carbonate 1 and/or 2 (Table 3) was 
added. The solution was stirred at 60°C for 19 hours. After addition of hexane (3-4 times the 
volume of DMAc) the two-phase system was stirred vigorously for 10 min. The upper layer 
(hexane with impurities) was removed by decantation. Another hexane portion was added and 
the separation procedure was repeated until the bottom layer became quite viscous and no 
change was observed. After drying in vacuum at 50°C, a slightly yellow highly viscous solid 
was obtained (PEI-4 was obtained as a colourless viscous polymer). 
Table 3. Preparation of the polymers PEI-1-4. 
Reactants mass [mg]  
PEI 1 2 
Yield  
[%] a 
PEI-1 1000 333 - 87 
PEI-2 500 835 - 79 
PEI-3 262 - 500 71 
PEI-4 497 408 468 92 
a
 Calculated with data from Table 1. 
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Chapter 3: From multifunctionalized poly(ethylene 
imine)s toward antimicrobial coatings1 
3.1 Introduction 
Functional and furthermore responsive properties of polymers present a topic of increasing 
importance in polymer science. Well established examples are thermoresponsive hydrogels, 
self-organization of block copolymers in bulk and in thin films, dispersants and surface active 
polymers in coatings and inkjet technology. Yet regarding functionality synthetic polymers 
are by far inferior to natural macromolecules, e.g. enzymes, molecular motors, chaperones, 
pores etc. On the first glance a relatively simple functionality, like an amphiphilic behaviour, 
i.e. latent amphiphilicity that is only fully developed in contact with an interface, has to our 
knowledge not been realized in a satisfactory way. 
Here we report an attempt to discuss such water soluble polymers with a strong affinity to 
lipid membranes. The rational of the concept is to substitute a water soluble hyperbranched 
macromolecule i.e. poly(ethylene imine) by alkyl chains and ammonium groups in such a way 
that the water solubility is preserved but that the polymers will at the same time gain the 
ability to adsorb at a lipid membrane. These amphipathic molecules are of interest for the 
preparation of new antimicrobial polymers and bactericidal or bacteria repellent surfaces, in 
order to provide solutions for one of the biggest problems of modern medicine. Over the last 
decade, worldwide networks reported an increasing resistance of Streptococcus pneumoniae, 
Staphylococcus aureus, Enterococcus faecium and Escherichia coli against currently 
available antibiotics.2,3 Moreover, methicillin-resistant Staphylococcus aureus (MRSA) is 
becoming a community-based as well as a hospital-based problem. Hospital and community-
acquired Escherichia coli infection will pose an increasing challenge to health care systems in 
the years to come. Many developmental antibiotics are based on existing classes of 
antimicrobial agents, and therefore raise concern, that antibiotic resistance will develop 
quickly, notably through cross-resistance with existing agents. 
The problem may be treated with complementary approaches. Beside the development of 
new therapeutic agents (new classes of antibiotic agents,3 host-defence peptides or synthetic 
analogues,5-7 aminoglycosides,8 etc.) and the improvement of hygiene compliance,9 the spread 
of bacterial infections can be actively fought by rendering surfaces antimicrobial. There are 
two major categories of antimicrobial surfaces, those resulting from incorporation of the 
antimicrobial throughout the bulk and those resulting from a surface coating. 
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Objects with a biostatic in the bulk of the material rely on migration of the biostatic towards 
the surface to provide an antimicrobial effect. Migration can occur within crystal polymer 
interstices and in the amorphous matrix. Some surface coating products claim a disinfection 
action by allowing biocides to leach out of the polymer film onto the surface. These low 
molecular weight release systems can, however, be toxic to higher organisms and promote the 
growth of resistant strains. 
Significant release of biocide can be prevented or restricted to a minimum if the biocidal 
moiety is covalently linked within a thin polymer film. The demand for non-release systems is 
mostly focused to household objects (telephones, computer keyboards, door knobs, clothing, 
childrens toys, table surfaces, kitchen utensils and refrigerator wall) but also to medical 
applications such as containments, fabrics, certain medical devices, but also for implants and 
surgical instruments. 
It is known that various amphiphilic polycations possess antibacterial properties.10-17 
Recently, a substantial amount of work has been done on immobilizing hydrophobic 
polycations onto surfaces of glass, plastics or cellulose.18-22 For example high-density 
polyethylene slides were coated with a nanolayer of silica, followed by the covalent 
attachment of poly(vinyl-N-hexylpyridinium).19 Hydroxyl groups on cellulose filter paper or 
free amine groups on amino glass slides were reacted with 2-bromoisobutyryl bromide to 
produce the active atom transfer radical polymerization (ATRP) initiator. Controlled radical 
polymerization of 2-(dimethylamino)ethyl methacrylate gave grafted polymer chains of 
controlled molecular weights and low dispersity. Subsequent quaternization of the amino 
groups with ethyl bromide provided the biocidal functionality.21 Poly(ethylene imine) (PEI, 
750 kDa) was consecutively N-alkylated with a poly(styrene-co-butyl methacrylate-co-allyl 
bromide), an alkyl bromide and iodomethane to obtain a N-copolymer,N-alkyl,N-methyl-PEI. 
Glass and polyethylene slides were dip-coated with solutions of the N-copolymer,N-hexyl,N-
methyl-PEI or N-dodecyl,N-methyl-PEI.22 
Because the mechanisms of the antimicrobial action of polycations is still not fully 
understood, the properties required need to be tuned and optimized in each case and it is 
particularly promising to test a large library of polymers to reach the requirements. 
Previously we reported on a new approach for the preparation of amphiphilic antimicrobial 
polymers based on a one-step multi-functionalization of poly(ethylene imine) (PEI) with 
functionalized cyclic carbonates.23 Here we report the synthesis of functionalized cyclic 
carbonates and their reactions with PEI. The rational behind our approach is to find a 
hydrophilic/hydrophobic balance that assures just water solubility but approaches 
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amphipathic properties. Depending on the hydrophilic/hydrophobic balance and the presence 
of cross-linkable groups, the synthesized polymers can be applied as a coating or as a water-
based formulation. Treated surfaces and water solutions were tested for their antibacterial 
activity against Gram-positive Bacillus subtilis and Gram-negative Escherichia coli.  
3.2 Results and discussion 
Hydrophobic polycations act as antimicrobials.10,18,19 It was our goal to prepare polycationic 
PEIs decorated with hydrophobic groups and to determine their antimicrobial properties. The 
synthetic approach comprises two steps: (i) synthesis of functional ethylene carbonates and 
(ii) conversion of the primary amine groups of PEI with these molecules.23 We introduced 
quaternary ammonium groups and alkyl chains onto PEI by reaction of the primary amine 
groups, i.e. the terminal groups, with specifically functionalized cyclic carbonates and 
formation of a stable urethane group (Figure 24). 
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Figure 24. Synthesis strategy of hydrophobic polycations using functional ethylene carbonates and 
poly(ethylene imine) (PEI). 
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3.2.1 Synthesis of functional ethylene carbonates 
Beside the quaternary ammonium functionalized carbonate QsI described previously,23 we 
prepared functionalized carbonate couplers with linear alkyl chains An (n = 6, 12, 18), 
ammonium groups QI, with allylic groups D suitable for photochemical cross linking 
reactions, and with benzylic groups B for labelling the polymer. The synthesis of these 
functional carbonates starts with (2-oxo-1,3-dioxolan-4-yl)methyl phenyl carbonate (1) and 
corresponding amines (Figure 25). 
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Figure 25. Structures of functionalized cyclic carbonates based on dicarbonate 1 and the alternative 
quarternary ammonium functionalized cyclic carbonate QsI.23 
The dicarbonate 1 has two electrophilic sites with different reactivity: a highly reactive 
phenyl ester carbonate and a less reactive α-glycol carbonate. At low temperature (0-25 °C), 
the phenyl ester carbonate reacts with an amine and forms a urethane group; it should be 
noticed that the only observed leaving group is phenol. The cyclic carbonate reacts via ring-
opening at slightly higher temperature (25-60 °C) but only after total consumption of the 
phenyl ester carbonate. According to this observation, the dicarbonate 1 was reacted at 0 °C 
with an equimolar amount of the desired amine. The quaternary ammonium salt QI was 
synthesized in a one-pot-two-step synthesis by addition of 3-dimethylamino-1-propylamine to 
a solution of dicarbonate 1 followed by addition of a solution of a methylation agent. 
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3.2.2 Synthesis of functional poly(ethylene imine)s 
Each specifically functionalized carbonate coupler consists of a 5-membered ring carbonate 
(1,3-dioxolan-2-one) on one side and of a functional group on the other. The branched PEI 
used in our studies had a molecular weight (Mw) of 25000. The ratio of primary, secondary 
and tertiary amine groups is ca. 31:39:30 as determined by quantitative 13C NMR 
spectroscopy.24 These values are similar to data previously published for branched PEI and 
obtained by NMR spectroscopy25 but slightly different from data obtained by titration.26 In 
this study we report only the modification of the primary amine groups; this means that only 
30% of the repeating units will be or can be converted. In other words, the degree of 
functionalization with respect to all repeating units can be chosen within a range of 0% and 
30%. The primary amine groups of PEI react with the cyclic carbonate of a functionalized 
coupler via ring opening with formation of a stable urethane and a hydroxyl group introducing 
the new functions into the substrate. The similar reactivity of the different functionalized 
carbonate couplers allows a one-step multi-functionalization of PEI; several functionalized 
carbonate couplers with different types of functional groups – e.g. quaternary ammonium 
groups, double bonds and alkyl chains – were added simultaneously to a solution of PEI 
(Figure 26). Conditions for this reaction have been chosen with purpose: DMF was used as a 
solvent because of its ability to dissolve all the reactants and because it is chemically inert 
with respect to the cyclic carbonate. In order to achieve high conversion, the reaction mixture 
was stirred at 60 °C for at least 20 h. The multifunctionalized PEIs were recovered after 
precipitation. DMF was nearly quantitatively removed by multiple precipitation into 
ether/pentane (1:1, v:v) from highly concentrated polymer solution in MeOH. After drying 
under vacuum, polymers were obtained as slightly yellow solids (PEI-10 as viscous oil). The 
relatively low yield of PEI-7 (66%) is explained by the fact that, due to the low density of 
charges, the lower molecular weight fractions of the products are lost during purification 
(method 1). With improvement of the purification process (method 2), the yield was 
increased. PEI-8, which contains more alkyl groups and less cationic groups, was isolated in 
higher yield (75%) than PEI-7 (cf. experimental section, Table 8). 
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Figure 26. Synthesis of functional PEIs bearing crosslinkable allyl groups, quaternary ammonium 
groups and dodecyl chains using functionalized carbonate couplers. 
NMR analysis of the reaction products demonstrated that a full conversion of all primary 
amine groups is difficult to be reached. The reaction with a desired degree of functionalization 
of 30% (PEI-1) using 14.85 mol% QsI, 14.85 mol% A12 and 0.3 mol% B gave similar NMR 
results as polymers obtained with a desired degree of functionalization of 25% (PEI-5). Table 
4 lists the different polymers that have been prepared. The samples PEI-2–9 with a degree of 
functionalization of 25% were prepared from PEI using a coupler with a cationic group (QsI 
or QI) and a hydrophobic coupler (An) in different ratios. Additionally, benzyl groups were 
introduced in PEI-2–9 in low concentration. PEI-10 was prepared using PEI, 6.25 mol% QsI, 
6.25 mol% A12 and 12.5 mol% D. All polymers were prepared according to the general 
procedure and by using the amount of material given in Table 8. 
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Table 4. Composition of the functionalized samples obtained by reaction of PEI with the functional 
carbonate couplers. 
Functional Carbonate in the feeda (Functionalized EI repeating unit)b 
Polymer QsI QI A6 A12 A18 B D 
PEI-1 14.85 (12.3) - - 14.85 (11.2) - 0.3 (0.13) - 
PEI-2 - 12.5 (16.6) - 12.5 (14.2) - 0.25 (n.d.)
c
 - 
PEI-3 12.5 (12.7) - 12.5 (13.5) - - 0.25 (0.17) - 
PEI-4 15.0 (15.1) - - 10.0 (9.8) - 0.25 (0.20) - 
PEI-5 12.5 (12.0) - - 12.5 (12.2) - 0.25 (0.23) - 
PEI-6 10.0 (9.3) - - 15.0 (15.0) - 0.25 (0.18) - 
PEI-7 7.5 (6.6) - - 17.5 (18.4) - 0.25 (0.21) - 
PEI-8 5.0 (4.3) - - 20.0 (20.2) - 0.25 (0.20) - 
PEI-9 12.5 (14.3) - - - 12.5 (14.6) 0.25 (0.28) - 
PEI-10 6.25 (7.1) - - 6.25 (7.1) - - 12.5 (14.3) 
a
 Ratio of functional cyclic carbonates to 100 ethylene imine (EI) units in the feed. b Percentage of 
primary amine groups, converted upon reaction with functional cyclic carbonates to the corresponding 
urethane groups as determined by NMR. c Not determined due to the level of the baseline noise. 
3.2.3 Characterization of functional poly(ethylene imine)s 
The structure of the polymers was investigated by means of 1H and 13C NMR spectroscopy; 
the assignment was based on the results for model compounds obtained from functionalized 
carbonate couplers with amines.23 The NMR spectra of PEI-10 will be discussed exemplarily 
(Figure 27 and Figure 28). In the 1H NMR spectrum the coupling between PEI and the 
functional carbonates was proven by the appearance of a new signal for the urethane proton 
(signal 10) which, however, overlaps with the signals of the urethane protons 16A and 16D of 
the carbonates. Further the CH2-NH protons adjacent to the urethane group (signal 8’) are 
shifted to lower field compared to the CH2-NH2 protons of the starting material (signal 8). In 
addition the CH3 and CH2 protons of the alkane chain (signals 18A, 19A-27A and 28A), the 
CH3 protons of the ammonium moiety (15Q) and the terminal allyl protons (signals 18D and 
19D) were clearly observed. In the 13C NMR spectrum the characteristic signals for the 
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building blocks – the propyl carbons (signal 12Q-14Q) and glycerol carbons (signal 12A-
14A, 12’A-14’A, 12D-14D, 12’D-14’D) – were observed. In addition, the NMR spectra 
showed no characteristic signals of the methylene groups in the cyclic carbonates proving full 
conversion. 
On the basis of the 1H NMR results, the composition of the polymers was calculated. Table 
1 summarizes the results; the values calculated from NMR spectra and the expected values 
from the feed reagents are in good agreement, proving high conversion of the primary amine 
groups. 
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Figure 27. Structure of PEI-10 with NMR assignment: repetitive ethylene imine units (signals 1-8), 
primary and secondary amines (signal 9), converted primary ethylene imine repeating units (signals 
5’-8’), proton of primary amine converted into urethane groups (10), ammonium building blocks 
(signals 11Q-15Q and 11’Q-15’Q for the protons of two positional isomers), alkane building blocks 
(signals 11A-28A and 11’A-28’A for the protons of the two positional isomers) and double bond 
building blocks (signals 11D-19D and 11’D-19’D for the protons of the two positional isomers). 
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Figure 28. NMR spectra of PEI-10 in DMSO-d6: (a) 1H and (b) 13C. (# = residual solvent peak, * = 
DMF, PEI = polymer chain carbons, Alk = alkane carbons, X = A, D and Q). 
3.2.4 Results of the antibacterial assessment 
The different functionalized PEIs were tested for their minimal inhibitory concentration 
(MIC) in solution regarding the effect of (i) the length of the alkyl chains, (ii) the 
hydrophilic/hydrophobic balance, and (iii) the kind of spacer between the cationic moiety and 
the polymer. The influence of the length of the alkyl chains was studied on PEI-3, PEI-1 or 
PEI-9 containing ammonium groups and hexyl, dodecyl and octadecyl groups, respectively, 
in a 1:1 ratio. For evaluating the influence of the hydrophilic/hydrophobic balance PEI was 
functionalized with ammonium and the dodecyl groups in different ratios: 6:4 in PEI-4, 5:5 in 
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PEI-1 and PEI-5, 4:6 in PEI-6, 3:7 in PEI-7, 2:8 in PEI-8. The influence of the spacer length 
was studied on PEI samples substituted with A12 as hydrophobic group and QsI or QI as 
cationic groups in a ratio of 1:1: PEI-1 substituted with A12 and QsI and PEI-2 substituted 
with A12 and QI. The minimal inhibitory concentration (MIC) of the polymers PEI-1 – PEI-
4, and PEI-6 was determined by means of a growth test. PEI-5 has the same properties as 
PEI-1. The antimicrobial properties of PEI-8 and PEI-9 in solution were not evaluated due to 
the water insolubility of these polymers. Although PEI-7 is soluble in water, it precipitated in 
PBS/nutrient solution, which did not allow a correct evaluation. The proliferation curves were 
monitored during incubation by measuring the optical density. We define the MIC of the 
polymer samples as the concentration at which the logarithm of the number of colony forming 
units (CFU) decreases by 4 (which means a growth inhibition of 99.99%). For comparison 
purpose, the same investigation was done for cetyltrimethylammonium bromide (CTAB) and 
a low-molecular weight molecule (2) prepared via coupling of A12 with dimethylaminopropyl 
amine followed by quaternization.23 Both molecules contain quaternary ammonium and alkyl 
groups (Figure 29). 
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Figure 29. Structures of CTAB and 2. 
The modified PEIs have a MIC between 0.3 and 0.4 mg/mL and between 0.03 and 0.04 
mg/mL against E. coli and B. subtilis, respectively, except for PEI-3. As previously 
shown,14,27 cationic amphiphilic polymers are less efficient against Gram-negative bacteria, 
due to the negative charges of the outer membrane of these organisms.28 The MIC against E. 
coli of the polymer with hexyl groups (PEI-3) is higher than 0.5 mg/mL and for this reason 
PEI-3 is much less efficient than the one with dodecyl groups (PEI-1). The efficiency 
decreases also for the polymer with more alkyl groups (PEI-6) but is similar for the polymer 
with less alkyl groups (PEI-4). If the length of the spacer between the quaternary ammonium 
group and the polymer backbone is increased (PEI-2), the MIC is slightly lower against E. 
coli and similar against B. subtilis. This is reasonable since the active cationic groups are 
more effective when located farther apart from the backbone. PEI-2 has a MIC against E. coli 
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of 8 µmol/L, which is smaller by a factor of three than that of the reference molecule CTAB, 
and smaller by more than a factor of six than the corresponding low molecular weight 
molecule 2 (Table 5). 
Table 5. Minimal inhibitory concentration (MIC) of PEI-1–4, PEI-6, CTAB and 2 in aqueous 
solution against E. coli and B. subtilis. 
MIC 
(mg/mL) (µmol/L) a 
Substance E. coli B. subtilis E. coli B. subtilis 
PEI-1 0.3 0.03 11 1.1 
PEI-2 0.3 0.04 8 1.1 
PEI-3 >0.5 0.03 >19 1.1 
PEI-4 0.3 0.03 11 1.1 
PEI-6 0.4 0.04 14 1.4 
CTAB 0.01 0.003 27 8.2 
2 0.03 0.012 52 21 
a
 determined on the basis of Mn of PEI given by the producer plus the molecular weights of the 
functionalizing fragments. 
A two-step testing was applied in order to determine whether the substances are bactericidal 
or bacteriostatic. In the first step, the bacteria were exposed to the substance in different 
concentrations under non-growth conditions in PBS. In the second step, an aliquot of the 
suspension was diluted (1:10, 1:20, 1:40 and 1:200) and transferred into nutrient solution. The 
growth was observed by measuring the optical density. During exposure (first step), the test 
substance interacted with the bacteria under non-proliferation conditions, however, upon 
dilution, the polymer concentration was reduced below the MIC enabling again proliferation. 
A lag phase was observed during monitoring the growth and the proliferation rate was 
determined by comparing the results with the calibration curves. As an example, the results 
for E. coli with a polymer concentration of 1 mg/ml during the exposure and at a dilution of 
1:40 during growth are shown in Table 6. Comparing the effects of PEI-1 and PEI-3 it seems 
likely that under non-growth conditions the kind of the hydrophobic residues exhibit the 
greatest impact on the proliferation ability of E. coli (C12 is better than C6). Under these 
conditions a ratio of 1:1 of cationic to hydrophobic groups seems to have the highest impact 
on the proliferation ability of E. coli, the cationic group QI being less effective than QsI. 
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Table 6. Bactericidal activity against E. coli of PEI-1–4 and PEI-6 in solution in the two-step 
exposure/growth test (exposure at a polymer conc. of 1 mg/ml, dilution: 1:40 for growth test). 
Polymer Growth inhibition [%] 
PEI-1 99.96 
PEI-2 98.5 
PEI-3 96.5 
PEI-4 98.5 
PEI-6 98.5 
 
The good results obtained in solution encouraged us to prepare also coatings and to 
investigate their bactericidal efficiency against E. coli and B. subtilis. As first possibility the 
hydrophobic PEI-8 (functionalized with dodecyl and cationic groups with a molar ratio of 
8:2) and PEI-9 (functionalized with octadecyl and cationic groups in a ratio 1:1) were used 
because of their water insolubility. An alternative would be to use a soluble polymer and to 
crosslink it. With this purpose PEI was functionalized with quaternary ammonium groups, 
dodecyl chains and crosslinkable double bonds with a molar ratio of 1:1:2 (PEI-10) and 
thermally cross linking with DEgDMA as crosslinking agent and AIBN as an initiator (weight 
ratio polymer:DEgDMA:AIBN 100:10:1). It was found that after 18 h, the methanol insoluble 
part reached 70 wt.-% of the initial mass. Coated glass slides were prepared by casting PEI-
8–10 (solution of PEI-10 containing cross linker and initiator in the ratio mentioned above) 
from methanol solutions. The obtained coatings were transparent and colorless. The growth 
inhibition effect against E. coli and B. subtilis was investigated by first exposing a suspension 
of bacteria in nutrient solution (1-2 × 104 CFU/mL) to the surface. After incubation and 
addition of soft agar and further incubation under optimum growth conditions, the CFU were 
counted. The coatings were highly effective against both Gram-negative and Gram-positive 
bacteria (Figure 30). A growth inhibition higher than 95% was found for each sample (Table 
7). The best results (99.9% for both) were obtained with the cross linked polymer PEI-10, 
where none or only a single colony was observed. This is explained by the fact that the 
hydrophobicity of PEI-10 is less prominent than that of both other polymers, since it exhibits 
a molar ratio cationic/dodecyl groups of 1:1 while PEI-8 exhibits a molar ratio of 1:4 and 
PEI-9 has longer alkyl chains. It was effectively demonstrated that, with other parameters 
being unchanged, increasing the hydrophobicity of the polycations strengthens the 
hydrophobic/hydrophobic attraction of the alkyl chains within the coating and hence reduces 
the bactericidal efficiency.22 
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Figure 30. Pictures obtained by scanning the Petri dishes containing glass slides (1), glass slides 
coated with PEI-8 (2), with PEI-9 (3) and with crosslinked PEI-10 (4) which were covered with 
50 µL suspension of E. coli (a) and B. subtilis (b) (1-2 × 104 CFU/mL in nutrient solution) followed by 
incubation, covering with soft agar, and incubation overnight at 37°C. Each white dot corresponds to a 
colony grown from a single surviving bacterial cell. 
Table 7. Growth inhibition of E. coli and B. subtilis on glass slides coated with PEI-8, PEI-9 and 
crosslinked PEI-10. 
Growth inhibition 
Polymer E. coli B. subtilis 
PEI-8 95.3% 98.5% 
PEI-9 99.5% 98.4% 
PEI-10a 99.9% 99.9% 
a PEI-10 was crosslinked using DEgDMA as crosslinking agent and AIBN as initiator. 
To determine if part of the polymer is transferred from the coating into the exposure 
solution during the exposure time polymer coated glass surfaces were covered with 50 µL of 
nutrient solution without bacteria and incubated as described. Thereafter, 40 µL of the 
exposure solution were transferred to a Petri dish and inoculated with B. subtilis (4 × 
104 CFU/mL). This solution was exposed again for 2 h at 30 °C and 90% humidity, covered 
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with soft agar and incubated overnight. The solution exposed to the surface coated with PEI-8 
and with PEI-10 showed a strong growth inhibition (~60 and 65%) and the solution exposed 
to the surface of PEI-9 a light growth inhibition (~46%) of B. subtilis. Even so these 
polymers are insoluble in water; they are able to swell in aqueous media. In the experiment 
described we used a nutrient solution containing meat extract and peptone in order to test 
whether some of the polymer is transferred to the solution. It must be admitted that the 
proteins (amphiphilic molecules) from the meat extract and peptone can act as surfactant and 
promote the dissolution of a small amount of the hydrophobic polymer. It should be also 
mentioned that no detachment of the coating was observed after water rinsing or after storage 
under air. 
3.3 Conclusions 
We have developed a novel method for a one-step multi-functionalization of polyamines 
utilizing functional cyclic carbonate couplers as modification agent for PEI. By applying this 
method, poly(ethylene imine) was successfully functionalized with cationic quaternary 
ammonium salts, hydrophobic alkyl chains and crosslinkable allyl groups. The obtained 
hydrophilic polymers act as antibacterial substances in solution. Coating glass with the most 
hydrophobic or crosslinkable ones also resulted in antimicrobial properties. Due to the 
observation that polymers leach out of the coating, the improvement of the crosslinking 
method or the development of a covalent bond between the polymer and the surface is 
ongoing. Additionally, PEI with new hydrophobic groups is synthesized in order to extend the 
available selection of antimicrobial substances not leading to microbial resistance. We believe 
that the strategy demonstrated in this article might lead to many applications in hygiene, food 
and cosmetics industries. 
3.4 Experimental section 
3.4.1 Materials 
Starting materials used for the synthesis were of high purity. Glycerol (Acros Organics), 
dimethyl carbonate (Acros Organics), 1-hexylamine (BASF), 1-dodecylamine (Acros 
Organics), 1-octadecylamine (Aldrich), allylamine (Aldrich), pyridine (Aldrich), N,N-
dimethylformamide (DMF, Acros Organics), phenylchloroformate (Fluka), methyl iodide 
(Acros Organics), 3-dimethylamino-1-propylamine (Aldrich), di(ethylene glycol) 
dimethacrylate (DEgDMA, Aldrich), 2,2’-azobis(2-methylpropionitrile) (AIBN, Merck) and 
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poly(ethylene imine) (PEI, Mw ~25,000 by light scattering (LS) Mn ~10,000 by gel permeation 
chromatography (GPC), water-free, Aldrich), were used as received. 
3.4.2 Instruments 
1H and 13C NMR spectra were recorded on a Bruker DPX-300 FT-NMR spectrometer at 
300 MHz and 75 MHz, respectively. Chloroform-d (CDCl3) and dimethyl sulfoxide-d6 
(DMSO-d6) were used as solvents and tetramethylsilane (TMS) served as an internal standard. 
C, H, and N elemental analysis was performed on a Heraeus CHN-O-Rapid Elementar Vario 
EL instrument. Thermal shaker (Heidolph), Climate chamber (Vötsch), Microplate 
Incubator/Reader GENIOS PRO (Tecan), Photometer Cary 100 (VARIAN), Drying oven and 
Clean Bench (Kendro) were used for the antimicrobial assessments. 
3.4.3 Preparation of coated slides 
Commercially available glass slides (18 mm × 18 mm, Menzel-Gläser) were ultrasonicated 
in 2-propanol for 4 min and dried at rt under N2 flow. Thin films were prepared by casting 
from 150 µL of a 1 wt.-% solution of PEI-8, PEI-9 in methanol or a solution of 100 mg PEI-
10, 10 mg DEgDMA and 1 mg AIBN per g of methanol, followed by air-drying overnight at 
rt or by drying for 2 h at rt and in oven at 60 °C for 16 h. 
3.4.4 Solutions 
Nutrient solution pH 7 contained 5 g peptone, 3 g meat extract per L bidistilled water. 
Phosphate-buffered saline (PBS) contained 9.0 g NaCl per L 0.1 M disodium 
hydrogenophosphate/sodium dihydrogenophosphate buffer solution adjusted to pH 6.5. Soft 
agar was prepared from 10.0 g peptone, 3.0 g meat extract, 6.0 g NaCl and 7.0 g agar-agar per 
L bidistilled water. All solutions were autoclaved for 15 min at 120 °C prior to use.  
3.4.5 Microorganisms 
The strains employed in this work were the Gram-negative bacterium Escherichia coli (K-
12 wild-type, DSMZ 498, ATCC 23716) and the Gram-positive bacterium Bacillus subtilis 
spizizenii (DSMZ 347, ATCC 6633). 
3.4.6 Antibacterial assessments of polymer water solutions 
Growth test. A suspension of strains with known colony forming units (CFU; E. coli: 6 × 
108 CFU/mL; B. subtilis: 8 × 107 CFU/mL) were incubated at 37 °C in nutrient solutions with 
70 From multifunctionalized poly(ethylene imine)s toward antimicrobial coatings  
different concentration of the test samples. The growth of the bacteria was followed during 
the incubation over 20 h by measuring the optical density at 612 nm every 30 min by using a 
microplate reader/incubator. The minimal inhibitory concentration (MIC) corresponds to the 
concentration of the test substance at which a log 4 reduction of the growth of the inoculated 
bacteria was observed by comparison with control samples without test substance. This test 
does not clarify whether the substance is bactericidal or bacteriostatic. Experiments were 
triplicated. The standard deviations obtained from the triplication are not significant in 
comparison with the growth curves. The growth curves obtained from samples with different 
polymer concentrations are significantly different.  
Growth test after exposure. Microorganisms were washed twice with phosphate buffered 
saline (PBS) pH 6.5 and were exposed in the first step for 24 h at 30 °C in PBS to different 
concentrations of the polymer; thereafter an aliquot was transferred to nutrient solution to 
monitor the proliferation potency of the exposed microorganisms. Calibration curves were 
obtained by incubation of defined CFU/mL without test substance. 
3.4.7 Antibacterial assessments of coated slides 
Glass slides were sterilized at 80 °C in a drying oven (Kendro) for 20 min, were covered 
with 50 µL of a diluted suspension of strains in nutrient solution (1-2 × 104 CFU/mL), 
incubated in a climate chamber at 30 °C and 90% humidity, kept at rt for 30 min., covered 
with 1.2 mL soft agar (38 °C), shortly shaken and incubated overnight at 37 °C in a drying 
oven. The growth inhibition (%) was determined by dividing the number of colonies by 500 
(number of colonies in the control test, without coating) and multiplied by 100. Experiments 
were triplicated. 
3.4.8 Synthesis 
(Hydroxymethyl)-1,3-dioxolan-2-one. Glycerol (23.12 g, 251 mmol), dimethyl carbonate 
(DMC) (67.51 g, 754 mmol) and DABCO (281 mg, 2.51 mmol) were mixed and heated at 
75 °C for 10 h. After distillation of MeOH and excess DMC, glycerol carbonate was used 
without further purification for the synthesis of the dicarbonate 1. 1H and 13C NMR spectra 
correspond to the data reported in the literature.23 
(2-Oxo-1,3-dioxolan-4-yl)methyl phenyl carbonate (1). Glyceryl carbonate (19.5 g, 
165 mmol) was dissolved in dry CH2Cl2 (200 mL) and pyridine (14.5 g, 183 mmol). The 
solution was cooled to 0 °C, phenylchloroformate (25.9 g, 165 mmol) was slowly added and 
the temperature was kept below 5 °C. The reaction was stirred for 16 h at rt. Pyridine 
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hydrochloride was removed by filtration and the solution was washed with H2O and brine. 
The organic phase was dried over Na2SO4 and the solvent was removed by distillation 
(~20 mbar, 40 °C). The dicarbonate 1 was further purified by recrystallization from toluene, 
and a fine colourless powder was obtained (Yield: 82%). 1H and 13C NMR spectra correspond 
to the data reported in the literature.23 
(2-Oxo-1,3-dioxolan-4-ylmethyl) hexylcarbamate (A6). In a two-neck flask equipped 
with thermometer and dropping funnel, dicarbonate 1 (10.00 g, 42.0 mmol) was dissolved in 
dry THF (100 mL). After cooling the solution to 0 °C, a solution of hexylamine (4.29 g, 
42.4 mmol) in dry THF (50 mL) was slowly added and the temperature was kept below 5 °C. 
The reaction was stirred for 16 h at rt. Solvents were removed by distillation (~20 mbar, 
40 °C). The cyclic carbonate A6 was purified by recrystallization from warm Et2O/THF (5:2, 
v:v, 330 mL) to yield light brown pellets (8.21 g, 80%). 1H NMR (DMSO-d6): δ = 0.85 (t, 3H, 
CH3), 1.16-1.30 (s, 6H, CH2alkane), 1.30-1.44 (m, 2H, NHCH2CH2), 2.96 (dt, 2H, NHCH2), 
4.11-4.32 (m, 3H, OCOOCHaHb, NHCOOCH2), 4.55 (dd, 1H, OCOOCHaHb), 4.94-5.03 (m, 
1H, OCH), 7.33 (t, 1H, NH) ppm. 13C NMR (DMSO-d6): δ = 13.8 (CH3), 22.0 (CH2CH3), 
25.8, 29.2, 30.9 (3C, CH2alkane), 40.3 (NHCH2), 63.0 (NHCOOCH2), 65.8 (OCOOCH2), 74.8 
(OCH), 154.7 (OCOO), 155.6 (OCONH) ppm. 
(2-Oxo-1,3-dioxolan-4-yl)methyl dodecylcarbamate (A12). In a two-neck flask equipped 
with thermometer and dropping funnel, dicarbonate 1 (2.00 g, 8.40 mmol) was dissolved in 
dry THF (20 mL). After cooling the solution to 0 °C, a suspension of dodecylamine (1.56 g, 
8.40 mmol) in dry THF (10 mL) was slowly added and the temperature was kept below 5 °C. 
The reaction was stirred for 16 h at rt. Solvents were removed by distillation (~20 mbar, 
40 °C). The cyclic carbonate A12 was purified by recrystallization from CHCl3/Et2O 
(15 mL/30 mL) to yield a colorless powder (2.35 g, 85%). 1H NMR (CDCl3): δ = 0.88 (t, 3H, 
CH3), 1.19-1.36 (s, 18H, CH2alkane), 1.41-1.56 (m, 2H, NHCH2CH2), 3.16 (dt, 2H, NHCH2), 
4.22-4.38 (m, 3H, OCOOCHaHb, NHCOOCH2), 4.55 (dd, 1H, OCOOCHaHb), 4.86-4.95 (m, 
1H, OCH), 5.08-5.18 (b, 1H, NH) ppm. 13C NMR (CDCl3): δ = 14.1 (CH3), 22.7 (CH2CH3), 
26.7, 29.3-29.8 (8C, CH2alkane), 31.9 (NHCH2CH2), 41.3 (NHCH2), 63.3 (NHCOOCH2), 66.0 
(OCOOCH2), 74.5 (OCH), 154.8 (OCOO), 155.6 (OCONH) ppm. Anal. calcd. for 
C17H31NO5: C 61.98, H 9.49, N 4.25%; found: C 61.11, H 9.75, N 4.04%.  
(2-Oxo-1,3-dioxolan-4-yl)methyl octadecylcarbamate (A18). In a two-neck flask 
equipped with thermometer and dropping funnel, dicarbonate 1 (5.00 g, 21.0 mmol) was 
dissolved in dry THF (50 mL). After cooling the solution to 0 °C, a suspension of 
octadecylamine (5.65 g, 21.0 mmol) in dry THF (20 mL) was slowly added and the 
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temperature was kept below 5 °C. The reaction was stirred for 16 h at rt. The solvents were 
removed by distillation (~20 mbar, 40 °C). The cyclic carbonate A18 was purified by 
recrystallization from CHCl3 (100 mL) to yield a colorless powder (7.36 g, 85%). 1H NMR 
(CDCl3): δ = 0.88 (t, 3H, CH3), 1.198-1.40 (s, 30H, CH2alkane), 1.42-1.58 (m, 2H, 
NHCH2CH2), 3.17 (dt, 2H, NHCH2), 4.24-4.38 (m, 3H, OCOOCHaHb, NHCOOCH2), 4.54 
(dd, 1H, OCOOCHaHb), 4.86-5.03 (m, 2H, OCH, NH) ppm. 13C NMR (CDCl3): δ = 14.1 
(CH3), 22.7 (CH2CH3), 26.7, 29.3-29.8 (14C, CH2alkane), 31.9 (NHCH2CH2), 41.3 (NHCH2), 
63.3 (NHCOOCH2), 65.9 (OCOOCH2), 74.4 (OCH), 154.6 (OCOO), 155.5 (OCONH) ppm. 
(2-Oxo-1,3-dioxolan-4-yl)methyl benzylcarbamate (B). In a two-neck flask equipped 
with thermometer and dropping funnel, dicarbonate 1 (5.00 g, 21.0 mmol) was dissolved in 
dry THF (25 mL). After cooling the solution to 0 °C, a solution of benzylamine (2.25 g, 
21.0 mmol) in dry THF (25 mL) was slowly added and the temperature was kept below 5 °C. 
The reaction was stirred for 20 h at rt. Solvents were removed by distillation (~20 mbar, 
40 °C). The solid raw product was treated with ether and was filtered and washed with ether 
to yield a brown solid (3.86 g, 73%). The cyclic carbonate B (2.98 g) was further purified by 
recrystallization from warm THF/water (30 mL/40 mL) to yield colorless crystals (2.36 g, 
58%). 1H NMR (DMSO-d6): δ = 4.11-4.34 (m, 5H, OCOOCHaHb, NHCOOCH2, NHCH2), 
4.56 (t, 3J = 8.6 Hz, 1H, OCOOCHaHb), 4.94-5.08 (m, 1H, OCH), 7.20-7.38 (m, 5H, CHaryl), 
7.95 (t, 1H, NH) ppm. 13C NMR (DMSO-d6): δ = 43.7 (NHCH2), 63.2 (NHCOOCH2), 65.8 
(OCOOCH2), 74.7 (OCH), 126.7 (CHp-aryl), 126.9 (2C, CHo-aryl), 128.2 (2C, CHm-aryl), 139.4 
(Caryl), 154.6 (OCOO), 155.8 (OCONH) ppm. Anal. calcd. for C12H13NO5: C 57.37, H 5.22, N 
5.58%; found: C 57.90, H 4.97, N 5.60%. 
(2-Oxo-1,3-dioxolan-4-yl)methyl allylcarbamate (D). In a two-neck flask equipped with 
thermometer and dropping funnel, dicarbonate 1 (20.00 g, 83.96 mmol) was dissolved in dry 
THF (200 mL). After cooling the solution to 0 °C, a solution of allylamine (6.012 g, 
105.2 mmol) in dry THF (40 mL) was slowly added and the temperature was kept below 
5 °C. The reaction was stirred for 16 h at rt. Solvents were removed by distillation (~20 mbar, 
40 °C) to yield a yellow oil (22.82 g, 94%) containing phenol (ca. 27 wt.-%). This raw 
product could be used without further purification for the reaction with amines. A small 
amount (2.30 g) was purified by chromatography on silica gel with pentane/AcOEt (1:1) (v/v) 
as eluting solvent to yield a colorless solid (1.40 g, 85%). 1H NMR (CDCl3): δ = 3.79 (t, 3J = 
5.6 Hz, 2H, NHCH2), 4.24-4.42 (m, 3H, OCOOCHaHb, NHCOOCH2), 4.57 (t, 3J = 8.6 Hz, 
1H, OCOOCHaHb), 4.94-5.08 (m, 1H, OCH), 5.11-5.26 (m, 2H, CH=CH2), 5.51 (br, 1H, 
NH), 5.76-5.92 (m, 1H, CH=CH2) ppm. 13C NMR (CDCl3): δ = 43.3 (NHCH2), 63.3 
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(NHCOOCH2), 65.8 (OCOOCH2), 74.3 (OCH), 116.0 (CH=CH2), 133.9 (CH=CH2), 154.7 
(OCOO), 155.4 (OCONH) ppm. 
3-N,N,N-Trimethyl-(((2-oxo-1,3-dioxolan-4-yl)methoxy)carbonylamino)propan-1-
ammonium iodide (QI). In a two-neck flask equipped with thermometer and dropping 
funnel, dicarbonate 1 (4.00 g, 16.79 mmol) was dissolved in dry THF (40 mL). After cooling 
the solution to 0 °C, a solution of 3-dimethylamino-1-propylamine (1.72 g, 16.89 mmol) in 
dry THF (10 mL) was slowly added and the temperature was kept below 5 °C. The reaction 
was stirred for 20 h at rt. A solution of MeI (2.1 mL, 34 mmol) in THF (10 mL) was added at 
80 °C and under stirring for 1 h. After stirring for an additional hour under reflux, the solid 
was filtered and dried at rt in vacuo (10-3 mbar) to obtain a slightly yellow powder in 
quantitative yield. 1H NMR (DMSO-d6): δ = 1.76-1.90 (m, 2H, NHCH2CH2), 2.97-3.18 (m, 
11H, NHCH2, N+(CH3)3), 3.29-3.38 (m, 2H, N+CH2), 4.12-4.35 (m, 3H, OCOOCHaHb, 
NHCOOCH2), 4.60 (t, 3J = 8.7 Hz, 1H, OCOOCHaHb), 4,99-5.08 (m, 1H, OCH), 7.49 (t, 1H, 
NH) ppm. 13C NMR (DMSO-d6): δ = 22.9 (NHCH2CH2), 35.3 (NHCH2), 52.2 (3C, 
N+(CH3)3), 63.2 (2C, NHCOOCH2, N+CH2), 65.9 (OCOOCH2), 74.7 (OCH), 154.6 (OCOO), 
155.6 (OCONH) ppm. 
General procedure for the functionalization of PEI with functional cyclic carbonates: 
PEI-1–10. To a solution of PEI in DMF (10 mL, 30 mL for PEI-10) at 60 °C a mixture of 
functional cyclic carbonates (Table 8) was added. The solution was stirred at 60°C for 20h–
3d. The conversion was monitored by 1H NMR spectroscopy. Purification method 1: After 
addition of Et2O (100 ml) the two-phase system was stirred vigorously for 10 min. The upper 
layer (Et2O with impurities) was removed by decantation. Another Et2O portion was added 
and the separation procedure was repeated until the bottom layer became quite viscous and no 
change was observed. After drying in vacuum at rt, a slightly yellow highly viscous material 
was obtained. Purification method 2: the polymer solution was precipitated into Et2O/pentane 
(1:1, v:v, 100 ml), and the two-phase system was stirred vigorously for 10 min. The upper 
layer (Et2O/pentane with impurities) was removed by decantation and the residue was 
dissolved into MeOH (5 ml) and precipitated into another portion of Et2O/pentane. The 
separation procedure was repeated until the bottom layer became quite viscous and no change 
was observed. After drying in vacuum at rt, a slightly yellow highly viscous material was 
obtained. 
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Table 8. Reactants for the preparation of the polymers PEI-1–10, method of purification, and yields. 
Reactants mass (mg) 
Polymer PEI QsIa QI A6 A12 A18 B D 
Purif. 
meth. 
Yield 
(%) 
PEI-1 500 495 - - 568 - 8.7 - 1 80 
PEI-2 500 - 563 - 478 - 7.3 - 2 85 
PEI-3 500 417 - 356 - - 7.3 - 2 86 
PEI-4 500 500 - - 382 - 7.3 - 1 84 
PEI-5 500 417 - - 478 - 7.3 - 2 84 
PEI-6 500 333 - - 574 - 7.3 - 1 81 
PEI-7 500 250 - - 669 - 7.3 - 1 66 
PEI-8 500 167 - - 765 - 7.3 - 2 75 
PEI-9 500 417 - - - 600 7.3 - 2 82 
PEI-10 2000 833 - - 956 - - 1173 1 82 
a
 quaternary ammonium functionalized carbonate derived from 3-chloro-1,2-propanediol. 
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Chapter 4: Biomimetic amphiphilic branched 
polymers as antimicrobial agents 
4.1 Introduction 
In the last decades, bacterial resistance against commonly used antibiotics has become an 
increasingly important health problem. Antimicrobial peptides are a major component of 
innate immunity that are lethal to a broad spectrum of pathogens but non-toxic to mammalian 
cells.1 These amphiphilic cationic macromolecules do not contribute to the rapid emergence 
of resistance and are therefore seen as potential drug.2,3 There are over 800 different peptide 
sequences known.4 Despite extensive studies, the mechanisms of interaction between the 
bacterial membrane bilayers and amphiphilic cationic macromolecules are only beginning to 
be elucidated. Currently, there are three main models of peptide-induced pore formation or 
disruption of phospholipid bilayers: (i) the barrel-stave model, (ii) the toroid (or wormhole) 
model and (iii) the carpet-mechanism.5 
In all models, the first step is the preferential electrostatic interaction of positively-charged 
peptides with negatively-charged phospholipids. In both barrel-stave and toroid models, the 
peptide chains are oriented perpendicular to the membrane and induce the formation of a pore. 
In barrel-stave model, the peptides form the wall of the hole: the hydrophobic part of the 
peptides interacts with non-polar lipid alkyl chains while their hydrophilic segment forms the 
interior of the pore. In the toroid model, the peptide chains and lipid head groups together 
form the wall of the hole while the peptides remain at the hydrophobic/hydrophilic interface. 
In the carpet-mechanism, no perpendicular orientation of the peptide is observed but the 
accumulation of peptides on the membrane surface causes tension between the two leaflets of 
the bilayer that leads to disintegration or rupture of the membrane.5 The carpet-mechanism 
can be compared to a detergent-like mechanism.6 Furthermore, studies on pardaxin7 or on 
protegrin-18 indicated that the mechanism of disruption of the lipid bilayer is dependent of the 
membrane composition.9 Recently hole formation in supported lipid bilayers induced by 
synthetic polycationic polymers like poly-L-lysin, poly(ethylene imine) or diethylaminoethyl-
dextran were observed using atomic force microscopy.10 These elements contributed to 
support that the molecular mechanism of membrane permeation and disruption depends on a 
number of parameters such as the nature of the macromolecules and membrane lipids, the 
macromolecule concentration and the environmental parameters (temperature, salt 
concentration).9,11 Therefore the carpet mechanism or detergent-like mechanism was proposed 
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as a general and efficient mechanism for both peptides and synthetic polymers where an early 
step before the collapse of the membrane packing may include the formation of transient 
holes in the membrane.12 
Amphiphilic cationic peptides are generally effective against a wide range of targets, such 
as Gram-positive and Gram-negative bacteria, fungi and protozoa.13 Some amphiphilic 
cationic peptides, like dermaseptin, magainin and cecropin, adopt an amphipathic structure 
such as α-helix, where the cationic groups and the nonpolar groups segregate to opposite faces 
of the structure. Other peptides like indolicidin do not adopt any classical secondary structure 
nor do display the characteristic amphipathic nature of antimicrobial peptides.13 
Chemical synthesis of peptide is cost and time intensive; therefore it is suitable to have at 
disposition biomimetic synthetic polymers for industrial applications like disinfection or 
coating. Depending on the properties of the synthetic polymers, hemolytic activity 
(destruction of mammalian red blood cells), range of targeted organisms, etc., a 
pharmaceutical use as new class of antibiotics should not be excluded. Many research works 
were focused on the study of peptoids14,15 or non natural polymers16,17 mimicking the 
amphipathic structure of the cationic antimicrobial peptides. But some findings suggest that 
such approaches may unnecessarily limit the scope of the structures that are selected for 
evaluation. 
For example, melittin, the major component of the venom of the honey bee Apis mellifera, 
and pardaxin, an excitatory neurotoxin, are both peptides (26 and 33 amino acid residues 
respectively) which adopt an amphipathic α-helical structure and exhibit a cytolytic activity 
towards bacteria and mammalian cells. Diastereomers of these peptides were synthesized by 
incorporation of D-amino acids in selected positions. The diastereomer analogues lost their 
helical structures, which abrogated their hemolytic activity towards human erythrocytes. They 
retained, however, their antibacterial activity towards Gram-negative and Gram-positive 
bacteria.18,19 
A second example was chosen among the non-natural polymers: oligoamides with 
alternating α-amino acid residues and cyclic β-amino acid residues show discrete folding 
propensities. Three oligoamides were prepared; they are isomers and differ only by the 
sequence of the residues. They can adopt 11-helix conformation or 14/15-helix conformation 
(the numerical code indicates the number of atoms in the H-bonded ring). 11-helix 
conformation of the first leads to discrete lipophilic and hydrophilic surfaces, 14/15-helix 
conformation will not display global amphiphilicity. The situation is reversed for the second 
isomer. Neither helical conformation of the third isomer would display global amphiphilicity. 
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The most favourable behaviour, high antimicrobial activity plus low hemolytic activity, was 
observed for the third isomer.20 
Studies of structure-property relationships show that some small changes in natural host-
defense peptides21,22 or in cationic amphiphilic polymers23 can have dramatic influence on 
their antibacterial and hemolytic activities. Tuning the structure of the antimicrobial 
macromolecules is the most important task in order to generate compounds having both high 
antimicrobial activity and low hemolytic activity. These watersoluble antimicrobial synthetic 
polymers may have different structures, such as poly(4-vinyl-N-hexylpyridinium bromide), 
functionalized polymethacrylates,24-26 polyoxazolines with telechelic antimicrobial functions27 
and other polymer structures.28-32 All water soluble cationic antimicrobial polymers studied up 
to date are linear, except one with a dendritic structure.28 No substantial antimicrobial studies 
have been carried out on water soluble hyperbranched polymers. The latter are significantly 
cheaper than dendrimers and are also able to mimic the volume generated in the peptides by 
the secondary structures of peptides (α-helixes, β-sheets and disulfide bridges).28 
We report here the preparation of fully synthetic functional polymers with a hyperbranched 
backbone that mimic the activity of antimicrobial peptides. In the polymer design, cationic 
and hydrophobic groups are randomly distributed on a poly(ethylene imine) branched 
backbone to generate amphiphilic polymeric structures. The functional groups were 
introduced by addition of the primary amine groups of the polymer to cyclic carbonates 
bearing a cationic group, hydrophobic or amphiphilic groups.33 This strategy enabled us to 
easily tune the hydrophobic/hydrophilic balance (the ratio of alkyl to cationic groups), the 
length of the hydrophobic groups and the molecular weight of the functional PEIs.  
4.2 Results and discussion 
4.2.1 Functionalization of poly(ethylene imine)s. 
In order to examine systematically the antimicrobial activity of amphiphilic poly(ethylene 
imine)s, a series of polymers were synthesized according to the strategy described before.33,34 
The synthesis strategy comprises two steps: 
(i) Different ethylene carbonates bearing the desired functions were prepared and are called 
functional cyclic carbonates. The list of these functional cyclic carbonates is given in Figure 
35. It includes molecules functionalized with alkyl chains of different length (An, with n = 6, 
8, 10, 12, 14, 16, 18), a branched alkyl chain (Ab8), a geminal double alkyl chain (Ad8), an 
alkyl chain with a tert-octyl group (At8), a quaternary ammonium iodide salt (QI), two 
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amphiphilic quaternary ammonium bromide salt prepared by quaternization of the tertiary 
amine with octyl or dodecyl bromide (Q8Br or Q12Br, respectively) or a fluorescent group 
pyrene (P). 
(ii) One, two or more desired functions were reacted with the poly(ethylene imine) (PEI) by 
one-step addition of the primary amine groups with functional cyclic carbonates (Figure 31) by 
formation of a stable urethane group. 
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Figure 31. Synthetic strategy of hydrophobic polycations using functional ethylene carbonates and 
poly(ethylene imine) (PEI). 
The synthesis of most of the functional carbonates starts with (2-oxo-1,3-dioxolan-4-
yl)methyl phenyl carbonate (dicarbonate linker, 1) and corresponding amines as described 
previously.33,34 However, this strategy limits the scope of our research to primary amines. As 
alternative to the dicarbonate linker route, a chloroformate route using (2-oxo-1,3-dioxolan-4-
yl)methyl chloroformate (2) as starting material was developed to enlarge the range of 
available functional carbonates. As the dicarbonate linker 1, the chloroformate linker 2 has an 
ethylene cyclic carbonate ring, but it has instead of the phenyl carbonate also a more reactive 
chloroformate group able to react with the secondary amines like dioctyl amine. Both linkers 
1 and 2 are highly selective: the cyclic carbonate is left untouched when they are in presence 
of an equimolar amount of primary amine. The substitution with an amine includes the 
formation of an elimination product, phenol or HCl, respectively. With the chloroformate 
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route, an additional reactant, like triethylamine, is required in order to trap HCl and to obtain 
full conversion. Both side products were easily removed by filtration, recrystallization or 
extraction. If a higher purity was required, e.g. for fluorescence purposes, the pyrene 
functionalized carbonates P were purified by chromatography. 
The branched PEIs used in our studies had a molecular weight (Mw) of 1300, 25 000 and 
750 000 g/mol. The ratio of primary, secondary and tertiary amine groups is ca. 36:37:27, 
31:39:30 and 31:38:31, respectively, as determined by quantitative 13C NMR spectroscopy.33 
In this study we report only the modification of the primary amine groups; this means that 
only ca. 30% of the repeating units will be or can be converted. In other words, the degree of 
functionalization with respect to all repeating units can be chosen within a range of 0% and 
30%. As shown previously,33 the full conversion of all primary amine groups is difficult to be 
reached or will need much longer reaction time. Therefore, all reactions were carried out with 
a desired degree of functionalization of 25%. All polymers were prepared according to the 
general procedure and by using the amount of material given in Table 10.  
4.2.2 Characterization and antibacterial properties of functional poly(ethylene imine)s.  
The structure of the synthesized polymers was investigated by means of 1H and 13C NMR 
spectroscopy.33,34 Based on the 1H NMR results, the composition of the polymers was 
determined (Table 9). The ratio of the functional cyclic carbonates determined by NMR (Q/A) 
corresponds to the ratio of functional carbonates introduced in the feed (sample name) and is 
independent of the content of PEI because the PEI signal is difficult to integrate. One should 
also notice that neither residual cyclic carbonates nor their hydrolysis products were found in 
the polymers by NMR spectroscopy. In the limit of the NMR error margin, these results 
prove: (i) the high conversion of the cyclic carbonates with the primary amine groups and (ii) 
the possibility to design polymers with desired properties in one-step multi-functionalization. 
According to this successful strategy, different cationic amphiphilic polymers were 
prepared in order to study their structure-property relationship as antimicrobial polymers. 
Their hydrodynamic radius (Rh) and their critical aggregation concentration (CAC) were 
determined by dynamic light scattering (DLS) and fluorescence method,37 respectively. Their 
minimal inhibition concentration (MIC) against E. coli was determined by measuring the 
increase of optical density of inoculated nutrient solutions in the presence of polymer at 
various concentrations. These polymers were grouped in different series in order to study the 
structure-property relationship related to: (i) the molecular weight, (ii) the ratio of 
alkyl/cationic groups, (iii) the length of the alkyl chain, (iv) the kind of hydrophobic group, 
(v) the kind of cationic group. 
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Table 9. Composition of the functionalized samples obtained by reaction of PEI with the functional 
carbonate couplers. 
Functionalized EI 
repeating unit [%]a 
Polymer Q A 
Ratio  
Q/A b 
Rh     
[nm] 
CAC 
[mg/ml] 
MIC     
(E. Coli) 
[mg/ml] 
PEI25-QI25 32.1 - 25:0 - - > 1 
PEI25-QI20-A65 20.7 5.6 19.7:5.3 8.0 2.6 > 0.6 
PEI25-QI20-A85 22.3 5.6 20.0:5.0 7.5 0.86 0.6-0.8 
PEI25-QI20-A105 21.0 5.2 20.1:4.9 6.9 0.42 0.4 
PEI25-QI20-A125 22.2 5.6 20.0:5.0 6.4 0.16 0.2 
PEI25-QI20-A145 21.6 6.4 19.2:5.8 6.8 0.12 0.2 
PEI25-QI20-A165 22.2 5.0 20.4:4.6 12 0.070 0.2 
PEI25-QI20-A185 22.6 5.7 20.0:5.0 27 0.039 - c 
PEI25-QI22.5-A122.5 24.8 2.9 22.4:2.6 7.8 1.0 0.4 
PEI25-QI17.5-A127.5 19.6 8.1 17.7:7.3 5.5 0.065 0.24 
PEI25-QI15-A1210 17.8 11.2 15.3:9.7 6.7 0.028 0.24 
PEI25-QI12.5-A1212.5 14.4 14.3 12.5:12.5 6.7 0.019 0.3 
PEI1.3-QI20-A125 21.8 5.2 20.2:4.8 4.2 0.30 0.1 
PEI750-QI20-A125 24.9 5.4 20.5:4.5 18 0.24 0.3 
PEI25-Q8Br25 24.9 - 25:25 - - > 0.6 
PEI25-QI12.4-Q8Br12.4-P0.2 13.0 13.4 24.9:12.6 - - > 1 
PEI25-Q8Br12.5-A812.5 12.4 12.3 12.5:25 - - - c 
PEI25-QI12.5-Q12Br12.5 11.9 12.9 25:13.0 - 0.16 0.1 
PEI25-Q12Br25 25.6 - 25:25 - - - c 
PEI25-QI12.4-A1212.4-P0.2 15.5 14.6 12.8:12.1 - - 0.2 
PEI25-QI12.4-Ab812.4-P0.2 14.7 11.2 13.6:11.2 3 / 130 - 0.3-0.5 
PEI25-QI12.4-Ad812.4-P0.2 16.1 14.3 13.2:11.7 4 / 60 - 0.3 
PEI25-QI12.4-At812.4-P0.2 13.6 17.1 11.0:13.8 - - 0.3 
a
 Percentage of primary amine groups, converted upon reaction with functional cyclic carbonates to 
the corresponding urethane groups as determined by NMR, Q = cationic, A = alkyl or hydrophobic. b 
Ratio cationic/alkyl calculated with the values found by NMR and assuming that the 25% of the 
repetitive units of PEI were converted. c Not soluble in the PBS solution. 
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(i) Variation of PEI molecular weight. Three samples with increasing molecular weight 
were prepared by using PEI 1300, PEI 25 000 and PEI 750 000 g/mol. Other parameters were 
kept constant (ratio alkyl/cationic A12/QI of 5:20). The CAC of the samples prepared from 
PEI 1300 g/mol is slightly higher compared to the others due to the higher content of residual 
primary amines. PEI 1300 has a content of primary amine groups of 36%, PEI 25 000 and PEI 
750 000 only have 31% primary amines. Therefore, in water, the non-reacted primary amines 
are protonated and enhanced the hydrophilicity of the polymers. The hydrodynamic radii and 
the MIC values are increasing with increasing molecular weights (Figure 32). The lowest 
MICs (0.1 mg/mL) were obtained for samples prepared with the lowest molecular weight. 
After functionalization, PEI1.3-QI20-A125 contains in average 6 cationic groups and 1-2 
dodecyl chains per molecule and has an expected molecular weight of ca. 4,100 g/mol, which 
is equivalent to a peptide of approximately 30 amino acid residues.35 Therefore that synthetic 
polymer shares some structural similarities, molecular weight and number of positive charges, 
with common natural antimicrobial peptides like defensins (29 to 34 residues, 3 to 10 net 
positive charges), cecropins (31 to 39 residues, 4 to 8 net positive charges), magainins (23 
residues, 3 to 4 net positive charges), and melittin (26 residues, 6 net positive charges).36 
0
5
10
15
20
25
30
1.3 k 25 k 750 k
0.0
0.2
0.4
0.6
0.8
1.0
 MIC E. coli [mg/mL]
 CAC [mg/mL]
CA
C 
o
r 
M
IC
 
[m
g/
m
L]
Molecular weight of starting polymer [g/mol]
R
h 
[nm
]
  Rh [nm]
 
Figure 32. Dependence of the molecular weight on MIC, CAC and hydrodynamic radius of polymers 
PEIx-QI20-A125, with x = 1.3, 25, 750. 
(ii) Ratio alkyl/cationic groups. Five samples with increasing ratio alkyl/cationic were 
prepared: 2.5:22.5, 5:20, 7.5:17.5, 10:15 and 12.5:12.5. Other parameters were kept constant 
(molecular weight of PEI 25 000, A12 as hydrophobic group and QI as cationic group). The 
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CAC decreased exponentially from 1.0 mg/ml for PEI25-QI22.5-A122.5 till 0.019 mg/ml for 
PEI25-QI12.5-A1212.5. The CAC of PEI25-QI20-A125 is 0.16 mg/ml. A minimal Rh was 
observed for samples with 7.5:17.5 (Figure 33). The lowest MIC (0.2 mg/mL) was obtained 
for a ratio 5:20. Samples with the ratios 7.5:17.5, 10:15 display slightly higher MICs 
(0.24 mg/mL). In comparison with the sample with a ratio of 5:10, the polymer with a ratio of 
2.5:22.5 contains too few dodecyl chains and displays poorer antimicrobial properties 
(0.4 mg/mL). The amount of alkyl chains in this sample is too low in order to interact 
efficiently with the bacterial phospholipid bilayer and to form micelles at low concentration. 
The lowest MICs were observed for samples with a ratio between 5:20 and 10:15; a moderate 
excess of cationic groups improves the antimicrobial properties of such PEIs.  
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Figure 33. Dependence of the ratio A12/QI on MIC, CAC and hydrodynamic radius of polymers 
PEI25-QI(25-x)-A12x, with x= 2.5, 5, 7.5, 10, 12.5. 
(iii) Variation of the length of the alkyl chains. Seven samples with increasing alkyl chain 
length were prepared: 6, 8, 10, 12, 14, 16, 18. Other parameters were kept constant (molecular 
weight of PEI 25 000, ratio alkyl/cationic of 5:20). This alkyl/cationic ratio was chosen as it 
shows the optimal results in the previous series. The hydrodynamic radius decreased from 
8.0 nm for the sample with hexyl chains to reach a minimum at 6.4 nm for the sample with 
dodecyl chains and increased to 27 nm for the sample with octadecyl. The CAC decreased 
exponentially from 2.6 mg/ml for sample with hexyl chains till 0.039 mg/ml for the sample 
with octadecyl chains. The CAC of the sample with dodecyl chains is 0.16 mg/ml. The lowest 
MICs (0.2 mg/mL) were obtained for samples with a chain length of 12, 14 and 16 carbons. 
Alkyl chains with at least 12 carbons are necessary to obtain the optimal properties. But the 
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reason why a polymer with longer chains (14 or 16) does not act more efficiently was 
explained by the hydrophobic/hydrophobic interaction of the alkyl chains of the polymer. 
Polymers with long chains can form unimicelles or aggregates and their alkyl chains are no 
more available for interaction with the phospholipid bilayers. The octadecyl chains prevent 
even its solubility in phosphate-buffered saline (PBS) solution. Two concurrent requirements 
needs to be fulfilled to obtain polymers with optimal properties: (i) high interaction with lipid 
bilayer, which is enhanced by longer alkyl chains, and (ii) high solubility of the polymer to 
avoid self-aggregation. In polymer self-aggregates, the alkyl chains are not effective for 
interaction with the membrane. A compromise between a lower CAC and a lower 
hydrodynamic radius is required in order to have a polymer with sufficient hydrophobic area 
for interaction with the lipid bilayer and with sufficient hydrophilic area for interaction with 
the lipid head groups and keeping the polymer well soluble. This can be found with alkyl 
chain length of 12 or 14 (Figure 34). Polymers with different backbone, different molecular 
weight or different hydrophilic/hydrophobic ratio may have different behavior. 
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Figure 34. Dependence of the alkyl chain length on MIC, CAC and hydrodynamic radius of polymers 
PEI25-QI20-An5, with n = 6, 8, 10, 12, 14, 16, 18. 
(iv) Variation of the kind of hydrophobic groups. In order to study the influence of 
different hydrophobic groups, PEI 25 000 was functionalized with an equimolar amount of 
cationic groups and the following hydrophobic groups: a geminal dioctyl group (PEI25-QI12.4-
Ad812.4-P0.2), a branched octyl group (PEI25-QI12.4-Ab812.4-P0.2), a tert-octyl group (PEI25-QI12.4-
At812.4-P0.2). Their activity is for all equal or lower than the correspondent samples with an 
equimolar ratio of dodecyl chains and cationic groups (PEI25-QI12.5-A1212.5). 
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(v) Variation of the kind of cationic groups. Functionalized PEIs were prepared with four 
different types of groups: (C1) only cationic groups (PEI25-QI25), (C2) amphiphilic cationic 
groups bearing an octyl or dodecyl chain (PEI25-Q8Br25 or PEI25-Q12Br25, respectively), 
(C3) an equimolar amount of cationic groups and amphiphilic cationic groups bearing an 
octyl or dodecyl chain (PEI25-QI12.4-Q8Br12.4-P0.2 or PEI25-QI12.5-Q12Br12.5, respectively), 
(C4) and an equimolar amount of octyl chains and amphiphilic cationic groups bearing an 
octyl chain (PEI25-Q8Br12.5-A812.5).  
The samples PEI25-Q12Br25 (group C2) and PEI25-Q8Br12.5-A812.5 (group C4) were too 
hydrophobic and not soluble in PBS solution. The samples PEI25-QI25, PEI25-QI12.4-
Q8Br12.4-P0.2 and PEI25-Q8Br25 are per contra too hydrophilic and show no significant 
activity against E. coli (MIC > 1 mg/mL, > 1 mg/mL, > 0.6 mg/mL respectively). However, 
the sample PEI25-QI12.5-Q12Br12.5 (group C3) has excellent activity against E. coli with a 
MIC of 0.1 mg/mL. It is actually the lowest MIC against E. coli obtained with a derivative of 
PEI 25 000. 
4.3 Conclusions 
Optimal properties were observed for samples with a ratio alkyl/cationic between 5:20 and 
10:15. The alkyl chains should have at least 12 C atoms, but longer chains do not improve the 
antimicrobial properties. Shorter, branched or linear C8 alkyl chains do not have a great 
influence on MIC. The best results were obtained with PEI25-QI12.5-Q12Br12.5 and PEI1.3-
QI20-A125. Antimicrobial activity of functionalized PEIs could still be optimized by choosing 
PEI with the low molecular weight and using especially Q12Br. 
The simplicity of the synthesis and the flexibility of the strategy offer a wide research field 
to look for polymers with optimal antimicrobial activities. However, the chain isomerism and 
the polydispersity of these cationic amphiphilic polymers are still an obstruction for a better 
understanding of their interaction with lipid membranes. In fact, a functionalized PEI is 
distributed in shape, size of the starting PEI, in ratio of the converted and not converted 
primary amine groups and in the ratio of the different functional groups. Its different fractions 
may have different properties. Therefore, research on effective methods for fractionation of 
the polymer and studies of the mechanism of action of these polymers on synthetic and 
natural membranes are ongoing in our laboratory. 
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4.4 Experimental section 
4.4.1 Materials 
Starting materials used for the synthesis were of high purity. 1-Octylamine, 1-
hexadecylamine, 2-ethylhexylamine, tert-octyl amine, triethylamine, 1-pyrenemethylamine 
HCl, 3-dimethylamino-1-propylamine, dodecyl bromide, (2-oxo-1,3-dioxolan-4-yl)methyl 
chloroformate (Aldrich), 1-decylamin, 1-tetradecylamine, dioctylamine, octyl bromide 
(Fluka), and N,N-dimethylformamide (DMF, Acros Organics) were used as received. 
Different poly(ethylene imine)s (PEIs) corresponding to various molecular weights have been 
used: PEI 1300
 
(Lupasol G20, ~50% aqueous solution, Mw = 1.3 × 103 g/mol, BASF), PEI 
25 000 (water-free, Mw (LS) = 2.5 × 104 g/mol, Aldrich), and PEI 750 000 (Lupasol P, ~50% 
aqueous solution, Mw = 7.5 × 105 g/mol, BASF). All PEIs were freeze-dried before use. 
4.4.2 Instruments 
1H and 13C NMR spectra were recorded on a Bruker DPX-300 FT-NMR spectrometer at 
300 and 75 MHz, respectively. Chloroform-d (CDCl3) and dimethyl sulfoxide-d6 (DMSO-d6) 
were used as solvents and tetramethylsilane (TMS) served as an internal standard. Thermal 
shaker (Heidolph), Microplate Incubator/Reader GENIOS PRO (Tecan), Photometer Cary 
100 (VARIAN), Drying oven and Clean Bench (Kendro) were used for the antimicrobial 
assessments. 
4.4.3 Sample preparation for fluorescence and laser light scattering 
Stock solutions of 10.0 g/L in Milli-Q water were prepared. 
For laser light scattering, the stoppered flasks were allowed to equilibrate overnight at room 
temperature. 
To get sample solutions for fluorescence, a known amount of pyrene in acetone was added 
to each series of 25.0 mL volumetric flasks and the acetone was evaporated. The amount was 
chosen to give a pyrene concentration of in the final solution of 1.2 × 10-7 M. To the first flask 
of the series, a measured amount of stock solution was added, followed by Milli-Q water. A 
polymer dilution series was prepared with constant pyrene concentration. The stoppered 
flasks were allowed to equilibrate overnight the pyrene and the micelles at room temperature. 
The samples ranged in polymer concentration from 1.5 × 10-5 to 1.0 g/L. 
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4.4.4 Fluorescence measurements 
For fluorescence measurements, ca. 2 mL of solution (range of polymer concentration: 1.5 
× 10-5 to 1.0 g/L) was placed in 1.0 × 1.0 cm square cell. All spectra were run on air-saturated 
solutions using a LS50 Luminescence Spectrophotometer (Perkin Elmer) with 90° geometry 
using slit openings of 2.5 nm. Excitation spectra were registered at emission wavelength (λem) 
of 390 nm and were accumulated with an integration time of 0.5 s/0.5 nm. The determination 
of the critical aggregation concentration (CAC) based on the shift of the (0,0) bands in pyrene 
excitation spectra has been described elsewhere.37 
4.4.5 Laser light scattering 
The dynamic light scattering of polymeric aggregates (10 mg/ml in Milli-Q water) at a 
constant temperature of 25°C was measured at an angle of 173° on a Nano-ZS, Model 
ZEN3600, zetasizer (Malvern). For evaluation of data, the DTS(Nano) program was used. 
The mean positions of the peaks in intensity-hydrodynamic radius (Rh) distribution were taken 
for data representation. 
4.4.6 Solutions 
Nutrient solution pH 7 contained 5 g peptone, 3 g meat extract per L bidistilled water. 
Phosphate-buffered saline (PBS) contained 9.0 g NaCl per L 0.1 M disodium 
hydrogenophosphate/sodium dihydrogenophosphate buffer solution adjusted to pH 6.5. Soft 
agar was prepared from 10.0 g peptone, 3.0 g meat extract, 6.0 g NaCl and 7.0 g agar-agar per 
L bidistilled water. All solutions were autoclaved for 15 min at 120°C prior to use.  
4.4.7 Microorganisms 
The strain used in this work was the Gram-negative bacterium Escherichia coli (K-12 wild-
type, DSMZ 498, ATCC 23716). 
4.4.8 Antibacterial assessments of polymer solutions 
Growth test. A suspension of strains with known colony forming units (CFU; E. coli: 6 × 
108 CFU/mL) was incubated at 37°C in nutrient solution with different concentrations of the 
test samples. The growth of the bacteria was followed during the incubation over 20 h by 
measuring the optical density at 612 nm every 30 min using a microplate reader/incubator. 
The minimal inhibitory concentration (MIC) corresponds to the concentration of the test 
substance at which a log 4 reduction of the growth of the inoculated bacteria was observed by 
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comparison with control samples without test substance. This test does not clarify whether the 
substance is bactericidal or bacteriostatic. Experiments were triplicated. 
4.4.9 Synthesis 
(2-Oxo-1,3-dioxolan-4-ylmethyl) octylcarbamate (A8). To a solution of dicarbonate 1 
(10.00 g, 42.0 mmol) in THF (100 mL) at 0°C was added a solution of octylamine (5.43 g, 
42.0 mmol) in THF (50 mL) and the temperature was kept below 5 °C. The reaction was 
stirred for 16 h at rt. Solvents were removed by distillation (~20 mbar, 40 °C). The cyclic 
carbonate A8 was purified by recrystallization from warm Et2O/CHCl3 (5:1, v:v, 180 mL) to 
yield a colourless powder (9.75 g, 85%). 1H NMR (CDCl3): δ = 0.88 (t, 3H, CH3), 1.20-1.39 
(s, 10H, CH2alkane), 1.43-1.58 (m, 2H, NHCH2CH2), 3.17 (dt, 2H, NHCH2), 4.22-4.40 (m, 3H, 
OCOOCHaHb, NHCOOCH2), 4.55 (dd, 1H, OCOOCHaHb), 4.87-4.98 (m, 1H, OCH), 5.04-
5.16 (br, 1H, NH) ppm. 13C NMR (CDCl3): δ = 14.1 (CH3), 22.6 (CH2CH3), 26.7, 29.2, 29.5, 
29.8 (4C, CH2alkane), 31.8 (NHCH2CH2), 41.2 (NHCH2), 63.3 (NHCOOCH2), 65.9 
(OCOOCH2), 74.5 (OCH), 154.7 (OCOO), 155.5 (OCONH) ppm. 
(2-Oxo-1,3-dioxolan-4-yl)methyl decylcarbamate (A10). To a solution of dicarbonate 1 
(2.90 g, 12.2 mmol) in THF (50 mL) at 0°C was added a suspension of decylamine (1.90 g, 
12.1 mmol) in THF (25 mL) and the temperature was kept below 5 °C. The reaction was 
stirred for 16 h at rt. Solvents were removed by distillation (~20 mbar, 40 °C). The cyclic 
carbonate A10 was purified by recrystallization from CHCl3/Et2O (1:1, v:v, 50 mL) to yield a 
colorless powder (2.72 g, 75%). 1H NMR (DMSO-d6): δ = 0.86 (t, 3H, CH3), 1.15-1.32 (s, 
14H, CH2alkane), 1.32-1.47 (m, 2H, NHCH2CH2), 2.96 (dt, 2H, NHCH2), 4.10-4.29 (m, 3H, 
OCOOCHaHb, NHCOOCH2), 4.56 (dd, 1H, OCOOCHaHb), 4.93-5.04 (m, 1H, OCH), 7.32 (t, 
1H, NH) ppm. 13C NMR (DMSO-d6): δ = 13.9 (CH3), 22.1 (CH2CH3), 26.2, 28.67, 28.69, 
28.9, 29.0, 29.2 (6C, CH2alkane), 31.3 (NHCH2CH2), 40.3 (NHCH2), 63.0 (NHCOOCH2), 65.8 
(OCOOCH2), 74.8 (OCH), 154.6 (OCOO), 155.5 (OCONH) ppm. 
(2-Oxo-1,3-dioxolan-4-yl)methyl tetradecylcarbamate (A14). To a solution of 
dicarbonate 1 (3.57 g, 15.0 mmol) in THF (100 mL) at 0°C was added a suspension of 
tetradecylamine (3.20 g, 15.0 mmol) in THF (50 mL) and the temperature was kept below 
5 °C. The reaction was stirred for 16 h at rt. Solvents were removed by distillation (~20 mbar, 
40 °C). The cyclic carbonate A14 was purified by recrystallization from CHCl3/Et2O (7:3, 
v:v, 100 mL) to yield a colorless powder (3.82 g, 71%). 1H NMR (DMSO-d6): δ = 0.87 (t, 3H, 
CH3), 1.15-1.32 (s, 22H, CH2alkane), 1.32-1.46 (m, 2H, NHCH2CH2), 2.95 (dt, 2H, NHCH2), 
4.10-4.29 (m, 3H, OCOOCHaHb, NHCOOCH2), 4.55 (dd, 1H, OCOOCHaHb), 4.92-5.03 (m, 
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1H, OCH), 7.31 (t, 1H, NH) ppm. 13C NMR (DMSO-d6): δ = 13.8 (CH3), 22.0 (CH2CH3), 
26.2, 28.7-29.2 (10C, CH2alkane), 31.2 (NHCH2CH2), 40.3 (NHCH2), 62.9 (NHCOOCH2), 65.8 
(OCOOCH2), 74.8 (OCH), 154.6 (OCOO), 155.5 (OCONH) ppm. 
(2-Oxo-1,3-dioxolan-4-yl)methyl hexadecylcarbamate (A16). To a solution of 
dicarbonate 1 (5.00 g, 21.0 mmol) in chloroform (100 mL) at 0°C was added a suspension of 
hexadecylamine (5.07 g, 21.0 mmol) in chloroform (60 mL) was slowly added and the 
temperature was kept below 5 °C. The reaction was stirred for 16 h at rt. Solvents were 
removed by distillation (~20 mbar, 40 °C). The cyclic carbonate A16 was purified by 
recrystallization from CHCl3/Et2O (1:1, v:v, 200 mL) to yield a colorless powder (6.28 g, 
78%). 1H NMR (DMSO-d6): δ = 0.85 (t, 3H, CH3), 1.15-1.32 (s, 26H, CH2alkane), 1.32-1.45 
(m, 2H, NHCH2CH2), 2.95 (dt, 2H, NHCH2), 4.10-4.29 (m, 3H, OCOOCHaHb, NHCOOCH2), 
4.55 (dd, 1H, OCOOCHaHb), 4.93-5.03 (m, 1H, OCH), 7.33 (t, 1H, NH) ppm. 13C NMR 
(DMSO-d6): δ = 13.9 (CH3), 22.0 (CH2CH3), 26.1, 28.6-29.2 (12C, CH2alkane), 31.2 
(NHCH2CH2), 40.2 (NHCH2), 62.9 (NHCOOCH2), 65.8 (OCOOCH2), 74.8 (OCH), 154.6 
(OCOO), 155.5 (OCONH) ppm. 
(2-Oxo-1,3-dioxolan-4-yl)methyl 2-ethylhexylcarbamate (Ab8). To a solution of (2-oxo-
1,3-dioxolan-4-yl)methyl chloroformate (91%, 4.50 g) and in THF (60 mL) at 0°C, was added 
a solution of 2-ethylhexylamine (2.93 g) and triethylamine (2.29 g) in THF (30 mL) and the 
temperature was kept below 5 °C. The solid was filtrated off and the volatile parts of the 
filtrate were distillated under 20 mbar at 40°C. The branched octyl functional coupler Ab8 
was obtained as yellow oil (yield: 5.88 g, 95%). 1H NMR (CDCl3): δ = 0.84-0.94 (m, 6H, 
CH3), 1.21-1.38 (m, 8H, CH2alkane), 1.38-1.50 (m, 1H, NHCH2CH), 3.11 (dt, 2H, NHCH2), 
4.23-4.38 (m, 3H, OCOOCHaHb, NHCOOCH2), 4.57 (dd, 1H, OCOOCHaHb), 4.90-5.00 (m, 
1H, OCH), 5.29 (t, 1H, NH) ppm. 13C NMR (CDCl3): δ = 10.8 (CHCH2CH3), 14.1 
(CH2CH2CH3), 23.0 (CH2CH2CH3), 23.9 (CHCH2CH3), 28.8 (CH2CH2CH3), 30.8 
(CH2CH2CH2CH3), 39.5 (NHCH2CH), 44.1 (NHCH2), 63.3 (NHCOOCH2), 66.1 
(OCOOCH2), 74.7 (OCH), 154.9 (OCOO), 155.9 (OCONH) ppm. 
(2-Oxo-1,3-dioxolan-4-yl)methyl dioctylcarbamate (Ad8). To a solution of dioctylamine 
(6.936 g) and triethylamine (2.337 g) in chloroform (45 mL) at 0°C, was added a solution of 
(2-oxo-1,3-dioxolan-4-yl)methyl chloroformate (5.562 g) in chloroform (20 mL) under 
stirring. The solution was stirred at 0°C for 1h and at rt for 20 h. Some solid formed. After 
dilution with some THF and Et2O, the solid was filtrated off and the solution was washed 
with HCl solution 1%, water and brine. The organic phase was dried over Na2SO4. After 
distillation of the solvents, the geminal dioctyl functional coupler Ad8 was obtained as 
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yellowish oil (yield: 10.912 g, 80%). 1H-NMR (CDCl3): δ = 0.88 (t, 6H, CH3), 1.20-1.42 (s, 
20H, CH2-alkane), 1.42-1.61 (br, 4H, N(CH2CH2)2), 3.10-3.30 (m, 4H, N(CH2)2), 4.29-4.40 
(m, 3H, OCOOCHaHb, NCOOCH2), 4.56 (dd, 1H, OCOOCHaHb), 4.90-4.99 (m, 1H, OCH) 
ppm. 13C-NMR (CDCl3): δ = 14.1 (2C, CH3), 22.7 (2C, CH2CH3), 26.8, 29.3, 29.4, 31.8 (8C, 
alkane carbons), 28.0, 28.8 (2C, N(CH2CH2)2), 47.3, 47.8, (2C, N(CH2)2), 64.0 (1C, 
NCOOCH2), 66.1 (1C, OCOOCH2), 74.5 (1C, OCH), 154.6 (1C, OCOO), 155.3 (1C, OCON) 
ppm. 
(2-Oxo-1,3-dioxolan-4-yl)methyl 2,4,4-trimethylpentan-2-ylcarbamate (At8). To a 
solution of (2-oxo-1,3-dioxolan-4-yl)methyl chloroformate (91%, 4.78 g) and in CHCl3 (50 
mL) at 0°C, was dropped a solution of tert-octylamine (6.23 g) in CHCl3 (40 mL) and stirred 
at rt for 20 h. After dilution with some CHCl3, the solution was washed with water. The 
organic phase was dried over Na2SO4. After distillation of the solvents, the tert-octyl 
functional coupler At8 was obtained as yellowish oil (yield: 6.63 g, 96%). 1H NMR (DMSO-
d6): δ = 0.85 (s, 9H, C(CH3)3), 1.26 (s, 6H, C(CH3)2), 1.64 (s, 2H, CH2alkane), 4.06-4.30 (m, 
3H, OCOOCHaHb, NHCOOCH2), 4.55 (dd, 1H, OCOOCHaHb), 4.91-5.02 (m, 1H, OCH) 
ppm. 13C NMR (DMSO-d6): δ = 29.3 (2C, NHC(CH3)2), 31.0 (3C, C(CH3)3), 31.1 (C(CH3)3), 
49.7 (CH2alkane), 53.0 (NHC(CH3)2), 62.1 (NHCOOCH2), 65.7 (OCOOCH2), 74.9 (OCH), 
153.6 (OCONH), 154.6 (OCOO) ppm. 
(2-Oxo-1,3-dioxolan-4-yl)methyl pyren-1-ylmethylcarbamate (P). 1-Pyrenemethylamine 
HCl (95%, 2.00 g) was suspended in MeOH (200 mL) and treated with KOH (2.00 g). The 
system became clear after stirring. Water (200 mL) was added to the solution and the free 
amine was extracted with dichloromethane. The organic phases were gathered and dried over 
MgSO4. Solvents were removed by distillation. A solution of free amine in THF (10 ml) was 
treated with a solution of dicarbonate linker 1 (1.691 g) in THF (10 mL) and stirred for 6 days 
at rt. The reaction was monitored by 1H NMR. After distillation of the solvents and 
purification by column chromatography on silica gel with AcOEt/Ether (1:1, v/v) as eluent, 
the pyrene functionalized coupler P was obtained as a greenish solid (yield: 2.45 g, 92%). 1H 
NMR (CDCl3): δ = 4.15-4.41 (m, 4H, OCOOCH2, NCOOCH2), 4.70-4.80 (m, 1H, OCH), 4.91 
(d, 2H, OCONHCH2), 5.48-5.61 (m, 1H, NH), 7.78-8.15 (m, 9H, pyrene protons). 13C NMR 
(CDCl3): δ = 43.26 (NCH2), 63.55 (NCOOCH2), 65.79 (OCOOCH2), 74.23 (OCH), 122.32, 
124.51, 124.69, 124.78, 125.27, 125.37, 126.03, 126.45, 127.24, 127.45, 128.11, 128.58, 
130.51, 130.54, 131.06, 131.10 (16C, pyrene carbons), 154.60 (OCOO), 155.39 (OCON). 
N,N-Dimethyl-N-(3-(((2-oxo-1,3-dioxolan-4-yl)methoxy)carbonylamino)propyl)octan-
1-ammonium bromide (Q8Br). To a solution of dicarbonate 1 (4.00 g, 16.8 mmol) in THF 
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(40 mL) at 0°C was added a solution of 3-dimethylamino-1-propylamine (1.72 g, 16.8 mmol) 
in THF (10 mL) and the temperature was kept below 5 °C. The reaction was stirred for 20 h at 
rt. A solution of octyl bromide (4.37 g, 22.6 mmol) in THF (10 mL) was added and the reaction 
was stirred for 3 d under reflux. The product was purified by several precipitation/decantation 
sequences; the solute containing impurities. (i) The crude THF solution was precipitated in 
pentane (250 mL), (ii) a THF solution (10 mL) was precipitated into diethyl ether (250 mL), 
(iii) a THF/MeOH (1:4, v:v, 10 ml) solution was precipitated into pentane (250 mL). The 
residue was heated under reflux with THF (35 mL) for 60 min. After cooling the upper THF 
solution was removed. The extraction was repeated twice and the solid residue was dried in 
vacuo (10-3 mbar). A colorless oil containing the amphiphilic functional coupler Q8Br with 
traces of phenol and side product was obtained (purity: 86%, yield: 5.40 g, 63%). 1H NMR 
(DMSO-d6): δ = 0.85 (t, 3H, H17), 1.25 (s, 10H, H12-16), 1.54-1.71 (br, 2H, H11), 1.72-1.90 (br, 
2H, H7), 2.95-3.11 (m, 8H, H6, H9), 3.20-3.32 (m, 4H, H8, H10), 4.10-4.32 (m, 3H, H2a, H4), 
4.58 (t, 1H, H2b), 4.95-5.07 (m, 1H, H3), 7.49 (t, 1H, NH) ppm. 13C NMR (DMSO-d6): δ = 
13.9 (C17), 21.6, 22.0 (alkane carbons), 22.5 (C7), 25.7, 28.42, 28.45, 31.1 (alkane carbons), 
37.4 (C6), 50.0 (2C, C9), 60.8 (C10), 63.0 (C8), 63.2 (C4), 65.9 (C2), 74.7 (C3), 154.7 (C1), 
155.7 (C5) ppm. 
N,N-dimethyl-N-(3-(((2-oxo-1,3-dioxolan-4-yl)methoxy)carbonylamino)propyl) 
dodecan-1-ammonium bromide (Q12Br). To a solution of dicarbonate 1 (4.00 g, 
16.8 mmol) in THF (40 mL) at 0°C was added a solution of 3-dimethylamino-1-propylamine 
(1.72 g, 16.8 mmol) in THF (10 mL) and the temperature was kept below 5 °C. The reaction 
was stirred for 20 h at rt. A solution of dodecyl bromide (5.64 g, 22.6 mmol) in THF (10 mL) 
was added and the reaction was stirred for 3 d under refluxed. Half THF was removed by 
distillation and the solution was precipitated in pentane (200 ml), the upper layer was 
removed by decantation and the residue was dissolved in THF/CHCl3 (1:1, v:v, 40 ml) and 
precipitated in pentane. This procedure was repeated 4 times. The residue was heated under 
reflux with Et2O (50 mL) for 30 min. After cooling the ether solution was removed and the 
precipitate was collected. The extraction was repeated twice and the solid residue was dried in 
vacuo (10-3 mbar) in order to obtain a yellowish sticky solid containing the amphiphilic 
functional coupler Q12Br with traces of phenol and a side product obtained by opening of the 
cyclic carbonate with residual primary amine (purity: 83%, yield: 6.16 g, 61%). 1H NMR 
(DMSO-d6): δ = 0.83 (t, 3H, H21), 1.25 (s, 18H, H12-20), 1.54-1.71 (br, 2H, H11), 1.72-1.90 (br, 
2H, H7), 2.98-3.13 (m, 8H, H6, H9), 3.23-3.35 (m, 4H, H8, H10), 4.10-4.32 (m, 3H, H2a, H4), 
4.58 (t, 1H, H2b), 4.96-5.08 (m, 1H, H3), 7.49 (t, 1H, NH) ppm. 13C NMR (DMSO-d6): δ = 
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13.8 (C21), 21.6, 22.0 (alkane carbons), 22.5 (C7), 25.7, 28.4-28.9, 31.2 (8C, alkane carbons), 
37.4 (C6), 49.9 (2C, C9), 60.7 (C10), 63.0 (C8), 63.2 (C4), 65.9 (C2), 74.7 (C3), 154.6 (C1), 
155.6 (C5) ppm. 
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Figure 35. Structure of functional cyclic carbonates. The preparation of functional carbonates A6, 
A12, A18 and QI is described in reference.33 
General procedure for the functionalization of PEI with functional cyclic carbonates. 
To a solution of freeze-dried PEI (1.000 g) in DMF (15 mL) at 60°C a mixture of functional 
cyclic carbonates (Table 3) was added. The solution was stirred at 60°C for 4d. The polymer 
solution was precipitated into Et2O/pentane (1:1, v:v, 200 ml), and the two-phase system was 
stirred vigorously for 5 min. The upper layer (Et2O/pentane with impurities) was removed by 
decantation and the residue was dissolved in MeOH (5 ml) and precipitated again in 
Et2O/pentane. The purification procedure was repeated until the bottom layer became quite 
viscous and no change was observed. After drying in vacuum at rt, a slightly yellow highly 
viscous material was obtained. 
94 Biomimetic amphiphilic branched polymers as antimicrobial agents  
Table 10. Preparation of functionalized PEI samples: reactants and yields. 
Mass of the functional carbonates [mg]a 
Polymer Cationic Amphiphilic Hydrophobic Fluorescent 
Yield 
[%] 
PEI25-QI25 2253 (QI) - - - 94 
PEI25-QI20-A65 1803 (QI) - 285 (A6) - 97 
PEI25-QI20-A85 1803 (QI) - 317 (A8) - 88 
PEI25-QI20-A105 1803 (QI) - 350 (A10) - 89 
PEI25-QI20-A125 1803 (QI) - 382 (A12) - 92 
PEI25-QI20-A145 1803 (QI) - 415 (A14) - 99 
PEI25-QI20-A165 1803(QI) - 448 (A16) - 88 
PEI25-QI20-A185 1803 (QI) - 480 (A18) - 93 
PEI25-QI22.5-A122.5 2028 (QI) - 191 (A12) - 83 
PEI25-QI17.5-A127.5 1577 (QI) - 574 (A12) - 84 
PEI25-QI15-A1210 1352 (QI) - 765 (A12) - 83 
PEI25-QI12.5-A1212.5 1127 (QI) - 956 (A12) - 86 
PEI1.3-QI20-A125 1803 (QI) - 382 (A12) - 78 
PEI750-QI20-A125 1803 (QI) - 382 (A12) - 91 
PEI25-Q8Br25 - 2550 (Q8Br) - - 75 
PEI25-QI12.4-Q8Br12.4-P0.2 1117 (QI) 1265 (Q8Br) - 16.7 (P) 90 
PEI25-Q8Br12.5-A812.5 - 1275 (Q8Br) 793 (A8) - 69 
PEI25-QI12.5-Q12Br12.5 1127 (QI) 1438 (Q12Br) - - 87 
PEI25-Q12Br25 - 2876 (Q12Br) - - 85 
PEI25-QI12.4-A1212.4-P0.2 1117 (QI) - 948 (A12) 16.6 (P) 83 
PEI25-QI12.4-Ab812.4-P0.2 1117 (QI) - 786 (Ab8) 16.6 (P) 88 
PEI25-QI12.4-Ad812.4-P0.2 1118 (QI) - 1495 (Ad8) 16.6 (P) 52 
PEI25-QI12.4-At812.4-P0.2 1117 (QI) - 786 (At8) 16.6 (P) 91 
a
 for 1000 mg PEI
 
25 000 in the feed, except for samples PEI1.3-QI20-A125 and PEI750-QI20-A125, 
where 1000 mg of freeze-dried PEI
 
1300 and PEI
 
750 000, respectively, were used. 
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Chapter 5: Synthesis of carbonate linker and 
functional cyclic carbonates 
5.1 Introduction 
(2-Oxo-1,3-dioxolan-4-yl)methyl phenyl carbonate (dicarbonate linker 1) is the main 
intermediate for this thesis and was required therefore to be prepared in large amounts. In this 
chapter, different routes for its preparation are discussed. In the literature, it is already known 
as intermediate, an active ester,1 and as an AA* monomer for polycondensation with 
diamines.2 As described in the previous chapters, the dicarbonate linker 1 reacts selectively 
with an amine to form a functional cyclic carbonate, also called functionalized coupler 
(Figure 36). 
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Figure 36. Reaction of the dicarbonate linker 1 with a functional amine to form a functional cyclic 
carbonate. 
In this chapter, an overview of all the functional cyclic carbonates prepared will be 
presented and the synthesis of the functional cyclic carbonates which was not yet described 
will be discussed. The overview includes also functional cyclic carbonates prepared from (2-
oxo-1,3-dioxolan-4-yl)methyl chloroformate 2 and 3-chloro-1,2-propanediol (Figure 37). 
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Figure 37. Synthesis of functional cyclic carbonates from glycerol (path a: via dicarbonate linker 1 or 
(2-oxo-1,3-dioxolan-4-yl)methyl chloroformate (2)) and from 3-chloro-1,2-propanediol (path b). 
5.2 Synthesis of (2-oxo-1,3-dioxolan-4-yl)methyl phenyl 
carbonate (1) 
It was our aim to prepare dicarbonate linker 1 on the easy way and in high yield. Several 
strategies were investigated: (i) one-step syntheses and (ii) two-step syntheses via the 
intermediate glycerol carbonate 3 (Figure 38). 
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Figure 38. Synthetic strategies for the preparation of dicarbonate coupler 1: (a) (PhO)2CO, pyridine 
(cat.), or PhOCOCl, Et3N; (b) ethylene carbonate, acidic Al2O3 (cat.), or ethylene carbonate, NaOH 
(cat.), or (MeO)2CO, DABCO (cat.); (c) (PhO)2CO, pyridine (cat.), or PhOCOCl, Et3N, or PhOCOCl, 
pyridine. 
5.2.1 One-step synthesis of (2-oxo-1,3-dioxolan-4-yl)methyl phenyl carbonate (1) 
Two different approaches were investigated in order to obtain the dicarbonate linker 1 in 
one step. 
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(i) In the first approach, glycerol was reacted with diphenylcarbonate in presence of 
pyridine. The raw product contains the desired product 1, the diglycerol tricarbonate 4 and the 
intermediate product glycerol carbonate 3 in a ratio 45:45:10. 
(ii) In the second approach, glycerol was reacted with phenyl chloroformate and 
triethylamine. The reaction was not complete. Separation by column chromatography gave 
dicarbonate linker 1 and glycerol carbonate 3 in yield of 41% and 33%, respectively, even if 
3.3 equivalents of phenylchloroformate and triethylamine were used. The urethane 5 was 
isolated as side product in an amount corresponding to 21% of the phenylchloroformate. 
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As the desired product was obtained in both approaches in low yield and as purification by 
column chromatography was necessary in order to separate the impurities and side products, 
the two-step strategy was preferred which will be presented next. 
5.2.2 Two-step synthesis of (2-oxo-1,3-dioxolan-4-yl)methyl phenyl carbonate (1) 
• Preparation of glycerol carbonate 3 
In the two-step strategy the intermediate glycerol carbonate 3 could be prepared by reaction 
of glycerol with an alkyl carbonate and a catalyst. Three approaches were investigated: (i) 
ethylene carbonate and acidic aluminium oxide,3 (ii) ethylene carbonate and NaOH, (iii) 
dimethyl carbonate and DABCO. 
(i) Glycerol was reacted with ethylene carbonate and aluminium oxide as catalyst. After 
distillation of the ethylene glycol and the excess ethylene carbonate, purification by column 
chromatography in order to separate the unreacted glycerol from the product was required. 
The raw product can also be purified by distillation but the distillate contained still residual 
glycerol. 
(ii) In this approach, glycerol was reacted with ethylene carbonate and a not volatile basic 
catalyst, e.g., NaOH. In order to shift the equilibrium on the side of the glycerol carbonate and 
to convert all glycerol, the formed ethylene glycol should be removed by distillation from the 
reaction medium. However, the reaction medium should be acidified with a non volatile acid, 
e.g., p-toluene sulfonic acid, to avoid the base-catalyzed degradation of the glycerol carbonate 
into glycidol.4 For the continuation of the reaction, another portion of ethylene carbonate 
should be added. With this method, the glycerol can be completely converted into glycerol 
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carbonate. After distillation, glycerol carbonate was pure, as determined by 1H NMR analysis 
(experimental section, method 1). 
(iii) In the last approach, glycerol was reacted with a large excess of dimethyl carbonate 
(DMC) and DABCO in catalytic amount. As DMC and MeOH have much lower boiling 
points than ethylene carbonate and ethylene glycol, they can be easily removed at low 
temperature (40°C) at 30 mbar (experimental section, method 2). The reaction of glycerol 
with 3 equivalents DMC and 1 mol% of DABCO was investigated at 75°C and 100°C and 
monitored by NMR. The consumption of glycerol was complete after 8 h and 3 h, at 75 and 
100°C, respectively (Figure 39). A maximal amount of the desired product was observed after 
8 h and 2 h, respectively. At these times, the product contains ca. 5% of diglycerol 
tricarbonate and ca. 2% of methyl (2-oxo-1,3-dioxolan-4-yl)methyl carbonate (6). For longer 
reaction time, the content of these impurities increases and the content of the product 
decreases. After evaporation of DMC and MeOH, the methyl carbonate 6 was never found by 
NMR; only diglycerol tricarbonate was detected. The methyl carbonate 6 reacts either with a 
molecule of MeOH to form glycerol carbonate and DMC or with a molecule of glycerol 
carbonate to yield diglycerol tricarbonate and MeOH. The purity of the glycerol carbonate 3 
prepared on this matter was sufficient to be used without further purification in the next step. 
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Figure 39. Conversion of glycerol into glycerol carbonate 3, diglycerol tricarbonate 4 and methyl 
carbonate 6. Reaction conditions: 1.0 eq. glycerol, 3.0 eq. DMC, 1 mol% DABCO, (a) 75°C and (b) 
100°C. 
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In conclusion, via the first approach (glycerol ethylene carbonate, acidic aluminium oxide), 
even if the catalyst can be easily removed, the incomplete conversion of glycerol causes 
problems. Even after distillation, the product contains some glycerol. In the second approach 
pure product was obtained but the multiple distillation steps are a disadvantage. The last 
approach is much faster than the other ones and provides a product with small amount of 
impurities which does not disturb in the next step. 
• Dicarbonate linker 1 
In the second step, the dicarbonate linker 1 is obtained either by condensation (i) with di-
phenylcarbonate/pyridine, (ii) with phenylchloroformate/triethylamine or with (iii) phenyl-
chloroformate/pyridine. 
(i) Glycerol carbonate was reacted with diphenylcarbonate in presence of pyridine to give 
the dicarbonate linker 1 in a yield of only ca. 35%. The remaining glycerol carbonate was 
converted to the diglycerol tricarbonate 4, which can be easily isolated due to its insolubility 
in most solvents. 
(ii) The yield of the reaction of glycerol carbonate with 1.1 eq. of phenyl chloroformate and 
of triethyl amine does not exceed 55% because a large amount of phenyl chloroformate reacts 
by dealkylation of triethyl amine to yield phenyl diethyl carbamate (5). Phenyl chloroformate 
is effectively known as dealkylating agents for tertiary amines.5,6 The low yield of the reaction 
of glycerol carbonate with phenyl chloroformate and triethyl amine is due the concurrent 
dealkylation reaction. 
(iii) The condensation of glycerol carbonate with phenylchloroformate and pyridine as 
reagents gives the dicarbonate linker 1 in a yield of 85% after recrystallization.1 
The first approach is not convenient because the product obtained in low yield needs to be 
separated from the excess of diphenyl carbonate and from the side product 4. In the second 
approach, the reaction was not complete because triethyl amine and phenyl chloroformate 
formed the dealkylation product 5. This could be solved by using pyridine instead of triethyl 
amine like in the third approach. 
5.3 Synthesis of functional cyclic carbonates 
In the previous chapters, the synthesis and characterization of many functional cyclic 
carbonates were described. Table 11 lists the functional cyclic carbonates according to their 
functions and their intermediates. The functional cyclic carbonates were prepared either from: 
dicarbonate coupler 1, or from (2-oxo-1,3-dioxolan-4-yl)methyl chloroformate (2), or from 3-
chloro-1,2-propanediol. 
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Table 11. Functional cyclic carbonates listed by functions and by synthetic intermediates. 
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5.3.1 Functional cyclic carbonates from (2-oxo-1,3-dioxolan-4-yl)methyl phenyl 
carbonate (1) 
All cyclic carbonates prepared from dicarbonate linker 1, were already described in the 
previous chapters but two: the cyclic carbonate functionalized with quaternary ammonium 
and methyl sulfate (CH3SO4–) as counter ion (QS) and the one functionalized with tertiary 
amine (T). The latter is also the intermediate of the former and is usually not isolated, since 
cationic cyclic carbonates QI and QS are prepared from the dicarbonate linker 1 in one-pot 
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two-step reactions. While QI is obtained as a fine powder, QS is obtained as yellow oil. The 
chemical shift in 1H and 13C NMR spectra of the methyl sulfate (CH3SO4–) counterion was 
clearly assigned at 3.42 and 52.9 ppm (NMR solvent DMSO-d6). For comparison reasons, the 
chemical shifts of dimethyl sulfate should be mentioned: they are at 3.95 and 59.2 ppm, 
respectively. 
The cyclic carbonate functionalized with tertiary amine (T) was obtained in low yield, even 
if the conversion between dicarbonate linker 1 and 3-dimethylamino-1-propylamine was 
quantitative. The purification of the functional cyclic carbonate T by extraction turned out to 
be difficult because of the distribution coefficient between the phases. A yield of 50 % was 
obtained which can be still optimized. In addition, the functional cyclic carbonate T is not 
shelf-stable and the degradation to diglycerol tricarbonate 4 was observed. The instability of 
an analogous compound containing both urethane and tertiary amine moieties was already 
reported.7 
Many functional cyclic carbonates obtained from dicarbonate linker 1 can also be prepared 
from glycerol carbonate chloroformate 2.8 In this work, the glycerol carbonate chloroformate 
2 was used only if the reaction with the dicarbonate linker 1 and the desired amine was not 
successfull, because the amine was a secondary amine — dioctyl amine, didodecyl amine, 
3,3′-iminobis(N,N-dimethylpropylamine) — or a less active primary amine — taurine, 
fluoresceinamine. 
5.3.2 Functional cyclic carbonates from (2-oxo-1,3-dioxolan-4-yl)methyl chloro-
formate (2) 
(2-Oxo-1,3-dioxolan-4-yl)methyl chloroformate (2) enables the preparation of additional 
functional cyclic carbonates which can not be prepared, or only under extreme conditions, 
with the dicarbonate linker 1. The phenyl ester of the dicarbonate does not react with 
secondary amines and sometimes reacts only under extreme conditions with less active 
primary amine like taurine (2-aminoethanesulfonic acid). 
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Figure 40. Synthesis of difunctionalized cyclic carbonate couplers Ad8, Ad12, and Td from (2-oxo-
1,3-dioxolan-4-yl)methyl chloroformate (2) and secondary amines. 
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• Reaction of chloroformate 2 with secondary amines 
The reaction of (2-oxo-1,3-dioxolan-4-yl)methyl chloroformate (2) with dioctyl amine 
yields the geminal dioctyl functional coupler Ad8 and was already described in the previous 
chapter. The geminal didodecyl functional coupler Ad12 is obtained on the same matter from 
didodecyl amine. A functional cyclic carbonate bearing two tertiary amine groups Td was 
also prepared from 3,3′-iminobis(N,N-dimethylpropylamine). The quaternization of both 
tertiary amines of Td with an N-alkylation agent would give a functional cyclic carbonate 
bearing two cationic groups. However, the compound Td was not shelf-stable and its 
decomposition hindered further reactions. 
• Preparation of cyclic carbonate functionalized with taurine  
Difficulties for the preparation of a sulfonate functionalized coupler S were encountered. 
Three different synthetic paths were investigated (Figure 41). 
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Figure 41. Synthesis of sulfonate functionalized couplers S from taurine: (a-1) THF/water or (a-2) 
DBU (2 eq.)/DMF; (b) THF/water, NaHCO3. 
(a-1) Taurine is soluble only in water, while the dicarbonate linker 1 is not soluble in water. 
Two-phase reaction (water-THF) can be a solution but experiences with poly(vinylamine) 
(see next chapter) showed a non reactivity of the dicarbonate linker 1 in such conditions. 
(a-2) After deprotonation with 2 equivalents of 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), 
taurine was soluble in DMF and can therefore reacted with the dicarbonate linker 1 to produce 
the sulfonate cyclic carbonate S. The product was not purified but a test reaction in the same 
medium with dodecyl amine yields both isomers of the expected amphiphilic molecule, 7 and 
7’ (1H NMR spectrum in annexes, Figure 55). 
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(b) An alternative to this synthesis is to react a solution of taurine in 2M NaHCO3 aqueous 
solution with a THF solution of (2-oxo-1,3-dioxolan-4-yl)methyl chloroformate 2. After 
neutralization with hydrochloric acid and freeze-drying, the sulfonate cyclic carbonate S 
containing still impurities from the starting material and the residual salts (NaCl) was used 
without further purification for the reaction with PEI. It is however not shelf stable and side 
reactions like hydrolysis of carbonate ring was observed (see Appendix B). The cause of the 
degradation of the product has not been determined and could be the presence of the sulfonate 
group or the impurities.  
• Preparation of cyclic carbonate functionalized with fluoresceinamine 
The fluoresceinamine coupler F1 was prepared to be used as fluorescent label for 
polyamines. Two strategy were investigated: (i) from dicarbonate linker 1 and (ii) from (2-
oxo-1,3-dioxolan-4-yl)methyl chloroformate (2). 
(i) A first reaction between the dicarbonate linker 1, one equivalent fluoresceinamine and 
one equivalent DABCO gave the diglycerol tricarbonate 5, glycerol carbonate 4, unreacted 
fluoresceinamin, and phenol. 
(ii) A more successful strategy was to react the fluoresceinamine with (2-oxo-1,3-dioxolan-
4-yl)methyl chloroformate (2) and pyridine. In this case a mixture of fluoresceinamine, the 
desired product F1, and a side product of the reaction in which one of the hydroxyl groups 
reacts with a second chloroformate (F2) was obtained (ratio fluoresceinamine/F1/F2, 
12:53:35) and purified via column chromatography (Figure 42). 
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Figure 42. Reaction of (2-oxo-1,3-dioxolan-4-yl)methyl chloroformate (2) with fluoresceinamine. 
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Finally it should be noticed that the product F2 bears two ethylene carbonate moieties, the 
first is linked via a urethane group and the second via a carbonate group. The second ethylene 
carbonate is similar to the dicarbonate linker 1 because of the two kinds of electrophilic sites 
with different reactivity: a highly reactive aryl ester carbonate and a less reactive cyclic 
carbonate. The aryl ester carbonate reacts very fast with a primary amine, like 3-
dimethylamino-1-propylamine, to yield quantitatively the fluoresceinamine cyclic carbonate 
F1 and another functional cyclic carbonate (T) (Figure 43). Both fluoresceinamine couplers 
F1 and F2 are suitable for the reaction with a polyamine as long as side-products such as the 
tertiary amine functionalized coupler T can be tolerated. 
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Figure 43. Reaction of fluoresceinamine coupler F2 with 3-dimethylamino-1-propylamine. 
The main drawback of using (2-oxo-1,3-dioxolan-4-yl)methyl chloroformate (2) is its 
impurities and the side products which should require additional purification steps. If, like the 
dicarbonate linker 1, the cyclic carbonate is left untouched in presence of one equivalent of 
amine, the chloroformate group is much less selective than the phenyl ester group: 
advantageously it can react with secondary amines, and disadvantageously it can react also 
with hydroxyl groups and especially the more acidic ones, the phenols, of fluoresceinamine. 
Many functional cyclic carbonates obtained from dicarbonate linker 1 can also be prepared 
from chloroformate 2. In this work, the chloroformate 2 was used only if the reaction with the 
dicarbonate linker 1 and the desired amine was not successful. Because the successful 
syntheses of functional cyclic carbonates with dicarbonate linker 1 were not repeated with the 
chloroformate 2, no conclusion can be drawn about the relative ease of one or another route. 
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5.3.3 Functional cyclic carbonates from 3-chloro-1,2-propanediol 
In Chapter 2, the synthetic strategy for the preparation of QsI was described extensively. 
From the last intermediate, 4-(dimethylamino-methyl)-1,3-dioxolan-2-one, called Ts, other 
cationic functional cyclic carbonates QsS or Qs12Ts were prepared by quaternization with 
dimethylsulfate or dodecyl tosylate, respectively. The preparation of dodecyl tosylate was 
described elsewhere.9 
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QsS was obtained, like QsI, in a very high yield and pure according to 1H NMR analyses. 
The counter ion of QsS is methyl sulfate (CH3SO4–) as proven by the elemental analysis and 
the 1H NMR spectrum. 1H and 13C chemical shifts in DMSO-d6 of 3.40 and 
52.8 ppm, respectively, were assigned to methyl sulfate ions (CH3SO4–). Dimethyl sulfate has 
chemical shifts of 3.95 and 59.2 ppm for 1H and 13C, respectively. Elemental analysis of QsS 
confirmed these results. 
The amphiphilic functional carbonate was more difficult to prepare: the cyclic carbonate of 
Qs12Ts was already partly hydrolyzed during the reaction or the purification step (ratio cyclic 
carbonate/diol: 45:55). The reaction was not further investigated, as other amphiphilic 
functional carbonates (Q8Br and Q12Br) were available. 
5.4 Conclusions 
Many functional cyclic carbonates were prepared according to three different pathways: 
from glycerol via (2-oxo-1,3-dioxolan-4-yl)methyl phenyl carbonate (1) or (2-oxo-1,3-
dioxolan-4-yl)methyl chloroformate (2) and from 3-chloro-1,2-propanediol. They bear hydro-
phobic alkyl chains, hydrophilic cationic groups, anionic sulfonate groups, amphiphilic 
cationic groups, reactive allylic groups, or labeling groups. Constant efforts were done in 
order to obtain these compounds in high yield, high purity and in large amounts with easy 
purification steps in order to provide sufficient materials for the preparation of functional 
polymers, which is discussed in other chapters (Chapters 2–4, Appendixes B and D). 
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5.5 Experimental section 
5.5.1 Materials 
Starting materials used for the synthesis were of high purity. Glycerol (Acros Organics), 
pyridine, 1,4-diazabicyclo[2.2.2]octane, fluoresceinamine, taurine, sodium hydrogen 
carbonate, 3-dimethylamino-1-propylamine, 3,3′-iminobis(N,N-dimethylpropylamine) 
(Aldrich), ethylene carbonate, diphenylcarbonate, phenylchloroformate, didodecylamine, 
triethylamine, and p-toluenesulfonic acid monohydrate (Fluka), were used as received. 
5.5.2 Instruments 
1H and 13C NMR spectra were recorded on a Bruker DPX-300 FT-NMR spectrometer at 
300 and 75 MHz, respectively. Chloroform-d (CDCl3), deuterium oxide (D2O), and dimethyl 
sulfoxide-d6 (DMSO-d6) were used as solvents and tetramethylsilane (TMS) served as an 
internal standard. C, H, and N elemental analysis was performed on a Heraeus CHN-O-Rapid 
Elementar Vario EL instrument. 
5.5.3 Synthesis 
(2-Oxo-1,3-dioxolan-4-yl)methyl phenyl carbonate (1). The synthesis and 
characterization is described in Chapters 2 and 3. 1H and 13C NMR spectra are given in 
Annexes of this chapter (Figure 44). 
 (Hydroxymethyl)-1,3-dioxolan-2-one (3). Method 1: A round-bottom flask equipped with 
vigreux column and distillation apparatus was charged with glycerol (55.25 g, 600 mmol), 
ethylene carbonate (105.7 g, 1.20 mol) and NaOH (115 mg, 2.8 mmol). The solution was 
stirred at 100 °C for 1.5 hours. After addition of p-toluenesulfonic acid monohydrate (628 mg, 
3.3 mmol), ethylene glycol was distilled off in vacuum (2 mm Hg). The reaction solution was 
again alkalinized by addition of NaOH (125 mg, 3.1 mmol) and heated at 100 °C for 2 hours. 
After acidification with p-toluenesulfonic acid monohydrate (750 mg, 3.9 mmol), the ethylene 
glycol was removed again by the distillation. Ethylene carbonate (13.21 g, 150 mmol) and 
another portion of NaOH (138 mg, 3.4 mmol) were added and the solution was stirred under 
atm pressure at 120°C for 2 hours in order to get a full conversion of glycerol. After addition 
of p-toluenesulfonic acid monohydrate (750 mg, 3.9 mmol), the pressure was decreased to 1 
mm Hg. Ethylene carbonate and ethylene glycol was removed by distillation. Pure glycerol 
carbonate was obtained by distillation under ~0.5 mmHg (without vigreux column) at the bath 
temperature of 201–203 °C. (bp 0.5 mmHg 164–167 °C). 
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Method 2: The synthesis and NMR characterization are described in Chapters 2 and 3. 1H 
and 13C NMR spectra of the glycerol carbonate 3 prepared according to the method 1 are 
given in Annexes of this chapter (Figure 45). 
Bis((2-oxo-1,3-dioxolan-4-yl)methyl) carbonate (4). Glycerol carbonate 3 (12.4 g, 
105 mmol), diphenylcarbonate (93.6 g, 437 mmol), and pyridin (0.5 mL, 6 mmol) were stirred 
at 90°C for 18 h. The raw product was purified by Soxhlet extraction: a first fraction (87.6 g) 
was extracted with pentane and contained diphenylcarbonate and phenol and in molar ratio 
71:29; a second fraction (9.0 g) was extracted with CHCl3 and contained phenol, diglycerol 
tricarbonate 4, and dicarbonate coupler 1 in molar ratio 18:69:13. The solid residue contained 
diglycerol tricarbonate 4 as yellowish powder (yield: 7.2 g, 27 mmol, 52%). 1H NMR 
(DMSO-d6): δ = 4.26-4.47 (m, 6H, CHaHb-cyclic, CH2linear), 4.59 (dd, 3J = 2J = 8.7 Hz, 2H, 
CHaHb-cyclic), 5.02-5.13 (m, 2H, CH) ppm. 13C NMR (DMSO-d6): δ = 65.6 (2C, CH2cyclic), 
67.1 (2C, CH2linear), 73.9 (2C, CH), 153.7 (1C, OCOOlinear), 154.5 (2C, OCOOcyclic) ppm. 1H 
and 13C NMR spectra of the diglycerol tricarbonate 4 are given in Annexes of this chapter 
(Figure 46). 
Phenyl diethylcarbamate (5). A solution of phenylchloroformate (18.66 g, 119 mmol) in 
CHCl3 (100 mL) was added at 70°C to a solution of glycerol (3.33 g, 36.2 mmol) and Et3N 
(16.5 ml, 119 mmol) in CHCl3 (50 mL). The crude product was purified by column 
chromatography (silica gel, CHCl3/ethyl acetate, 9:1 v:v) to yield the dicarbonate linker 1 
(3.60 g, 15 mmol), glycerol carbonate 3 (1.43 g, 12 mmol) and phenyl diethylcarbamate (5) as 
colorless oil (4.83 g, 25 mmol). 1H NMR (CDCl3): δ = 1.11-1.28 (m, 6H, CH3), 3.29-2.48 (m, 
4H, CH2), 7.08-7.38 (m, 5H, Haryl) ppm. 13C NMR (CDCl3): δ = 13.4, 14.2 (2C, CH3), 41.9, 
42.2 (2C, CH2), 121.8 (2C, CHo-aryl), 125.0 (CHp-aryl), 129.2 (2C, CHm-aryl), 151.6 (Caryl), 154.2 
(C=O) ppm. 1H and 13C NMR spectra of the phenyl diethylcarbamate (5) are given in 
Annexes of this chapter (Figure 47). 
 (2-Oxo-1,3-dioxolan-4-yl)methyl didodecylcarbamate (Ad12). To a solution of 
didodecylamine (500 mg, 1.41 mmol) and triethylamine (145 mg, 1.43 mmol) in chloroform 
(2 mL), a solution of (2-oxo-1,3-dioxolan-4-yl)methyl chloroformate (2) (91%, 300 mg, 
1.51 mmol) in chloroform (1 mL) was added at rt and stirred for 3 h. Some solid was formed. 
After addition of THF and Et2O, the solid was filtered off and the solution was washed with 
aq. HCl solution 5% and with brine. The organic phase was dried over Na2SO4. After removal 
of the solvents by destillation, the geminal didodecyl functionalized coupler Ad12 was 
obtained as a colorless oil (yield: 601 mg, 86%). 1H NMR (CDCl3): δ = 0.88 (t, 6H, CH3), 
1.19-1.36 (s, 36H, CH2-alkane), 1.45-1.62 (br, 4H, N(CH2CH2)2), 3.10-3.28 (m, 4H, 
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N(CH2)2), 4.29-4.38 (m, 3H, OCOOCHaHb, NCOOCH2), 4.54 (dd, 1H, OCOOCHaHb), 4.87-
4.98 (m, 1H, OCH) ppm. 13C-NMR (CDCl3): δ = 14.1 (2C, CH3), 22.7 (2C, CH2CH3), 26.8, 
29.3-29.7, 31.9 (16C, alkane carbons), 28.0, 28.7 (2C, N(CH2CH2)2), 47.3, 47.9, (2C, 
N(CH2)2), 63.9 (1C, NCOOCH2), 66.0 (1C, OCOOCH2), 74.4 (1C, OCH), 154.5 (1C, 
OCOO), 155.2 (1C, OCON) ppm. 1H and 13C NMR spectra of the functional cyclic carbonate 
Ad12 are given in Annexes of this chapter (Figure 48). 
(2-Oxo-1,3-dioxolan-4-yl)methyl 3',6'-dihydroxy-3-oxo-3H-spiro[isobenzofuran-1,9'-
xanthene]-5-yl carbamate (F1). To a suspension of fluoresceinamine (250 mg, 0.72 mmol) 
in acetonitril (3 mL) and pyridine (75 mg, 0.95 mmol) at 0°C was added a solution of (2-oxo-
1,3-dioxolan-4-yl)methyl chloroformate (2) (91%, 163 mg, 0.82 mmol) in acetonitril (1 mL). 
The colour shifted to a darker orange during the addition. After stirring for 1 h at 0°C, stirring 
was continued at rt for 20 h. The solution was poured in 25 mL water and stirred. After 
removal of a yellow solution by decantation, the dark orange residue was washed twice with 
water (10 mL) and dried in vacuum (10-3 mbar) at rt. The product was purified by column 
chromatography (silica gel, AcOEt/Et2O 1:1). Fractions containing F1 (yield: 92 mg, 26%) 
and F2 (yield: 86 mg, 19%) were isolated. F1: 1H NMR (DMSO-d6): δ = 4.31-4.51 (m, 3H, 
CHa-2, CH2-4), 4.63 (dd, 2J = 3J = 9 Hz, 1H, CHb-2), 5.06-5.17 (m, 1H, CH-3), 6.54 (dd, 3J = 
9 Hz, 4J = 2 Hz, 2H, CH-18), 6.59 (d, 3J = 9 Hz, 2H, CH-19), 6.67 (d, 4J = 2 Hz, 2H, CH-16), 
7.21 (d, 3J = 8 Hz, 1H, CH-8), 7.78 (dd, 3J = 8 Hz, 4J = 2 Hz, 1H, CH-7), 8.12 (d, 4J = 2 Hz, 
1H, CH-11), 10.12 (br, 2H, OH), 10.38 (s, 1H, NH) ppm. F2: 1H NMR (DMSO-d6): δ = 4.29-
4.57 (m, 6H, CHa-2, CH2-4, CH2-27, CHa-29), 4.57-4.67 (m, 2H, CHb-2, CHb-29), 5.07-5.19 
(m, 2H, CH-3, CH-28), 6.59 (dd, 3J = 9 Hz, 4J = 2 Hz, 1H, CH-18), 6.66 (d, 3J = 9 Hz, 1H, 
CH-19), 6.71 (d, 4J = 2 Hz, 1H, CH-16), 6.90 (d, 3J = 9 Hz, 1H, CH-25), 7.04 (dd, 3J = 9 Hz, 
4J = 2 Hz, 1H, CH-24), 7.28 (d, 3J = 8 Hz, 1H, CH-8), 7.38 (d, 4J = 2 Hz, 1H, CH-22), 7.79 
(dd, 3J = 8 Hz, 4J = 1 Hz, 1H, CH-7), 8.16 (br, 1H, CH-11), 10.21 (br, 1H, OH), 10.41 (br, 1H, 
NH) ppm. 1H spectra of fluoresceinamine, functional cyclic carbonates F1 and F2 are given in 
Annexes of this chapter (Figure 49).  
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N,N,N-Trimethyl-3-(((2-oxo-1,3-dioxolan-4-yl)methoxy)carbonylamino)propan-1- 
ammonium iodide (QI). Method 1: A solution of CH3I (0.70 g, 4.9 mmol) in THF (1 mL) 
was added to a solution of tertiary amine functional coupler T (0.50 g, 2.0 mmol) in THF 
(5 mL). At rt and under stirring, some colorless solids precipitated. They were filtered and 
washed with Et2O (quantitative yield). NMR characterization and one-pot two-step synthesis 
from dicarbonate linker 1 are described in Chapters 2 and 3. 1H and 13C NMR spectra are 
given in Annexes of this chapter (Figure 50). 
3-N,N,N-Trimethyl-(((2-oxo-1,3-dioxolan-4-yl)methoxy)carbonylamino)propan-1-am-
monium methylsulfate (QS). To a solution of dicarbonate linker 1 (4.00 g, 16.8 mmol) in 
THF (40 mL) at 0 °C was added a solution of 3-dimethylamino-1-propylamine (1.72 g, 
16.8 mmol) in THF (10 mL) and the temperature was kept below 5 °C. The reaction was 
stirred for 16 h at rt. A solution of dimethylsulfate (2.4 mL, 25 mmol) in THF (10 mL) was 
added. At rt and under stirring, some solid was formed which dissolved by addition of MeOH 
(30 mL). The solution was stirred 2 additional h at rt and poured into Et2O. After removing of 
the ether phase by decantation, the slightly yellow oil was dried at rt in vacuum (10–3 mbar) 
(yield: quantitative). 1H NMR (DMSO-d6): δ = 1.78-1.92 (m, 2H, NHCH2CH2), 2.99-3.14 (m, 
11H, NHCH2, N+(CH3)3), 3.24-3.34 (m, 2H, N+CH2), 3.42 (s, 3H, CH3OSO3–), 4.13-4.33 (m, 
3H, OCOOCHaHb, NHCOOCH2), 4.59 (t, 3J = 8.6 Hz, 1H, OCOOCHaHb), 4.96-5.07 (m, 1H, 
OCH), 7.47 (t, 1H, NH) ppm. 13C NMR (DMSO-d6): δ = 22.9 (NHCH2CH2), 37.4 (NHCH2), 
52.1 (N+(CH3)3), 52.9 (CH3OSO3–), 63.2 (2C, NHCOOCH2, N+CH2), 65.9 (OCOOCH2), 74.8 
(OCH), 154.8 (OCOO), 155.7 (OCONH) ppm. 1H and 13C NMR spectra of the functional 
cyclic carbonate QS are given in Annexes of this chapter (Figure 51). 
Trimethyl-(2-oxo-1,3-dioxolan-4-ylmethyl)-ammonium methylsulfate (QsS). To a 
solution of 4-(dimethylamino-methyl)-1,3-dioxolan-2-one (Ts, 1.00 g, 6.89 mmol) in THF 
(105 mL) dimethylsulfate (1.0 mL, 10.5 mmol) was added and the solution was stirred for 2.5 
h. The precipitate formed was filtered off, washed with THF, and dried at rt in vacuum (10-3 
mbar) to yield a white powder (1.84 g, 98%). 1H NMR (DMSO-d6): δ = 3.16 (s, 9H, 
N+(CH3)3), 3.40 (s, 3H, CH3OSO3–), 3.70 (d, 2J = 14.4 Hz, 1H, N+CHaHb), 3.95 (dd, 
2J = 14.4 Hz, 3J = 9.3 Hz, 1H, N+CHaHb), 4.20 (dd, 2J = 3J = 8.1 Hz, 1H, OCHaHb), 4.71 (dd, 
2J = 3J = 8.7 Hz, 1H, OCHaHb), 5.46 (ddd, 3J = 3J = 3J = 8.4 Hz, 1H, OCH) ppm. 13C NMR 
(DMSO-d6): 52.8 (CH3OSO3–), 53.2 (N+(CH3)3), 66.6 (N+CH2), 66.9 (OCH2), 70.8 (OCH), 
153.9 (OCO2) ppm. Anal. calcd. for C8H17NO7S: C 35.42, H 6.32, N 5.16%; found: C 35.43, 
H 5.69, N 5.09%. 1H and 13C NMR spectra of the functional cyclic carbonate QS are given in 
Annexes of this chapter (Figure 52). 
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N,N-Dimethyl-N-((2-oxo-1,3-dioxolan-4-yl)methyl) dodecan-1-ammonium tosylate 
(Qs12Ts). 4-(Dimethylamino-methyl)-1,3-dioxolan-2-one (Ts, 1.13 g, 7.78 mmol), dodecyl 
tosylate (3.00 g, 8.81 mmol), and acetonitril (13 mL) were stirred under reflux for 20 h. The 
solution was cooled at 4°C; the white precipitate was filtered off and dried at rt in vacuo (10–3 
mbar) to yield a white powder (1.46 g). The product consisted of Qs12Ts (yield: 29%) and its 
hydrolyzed product (N-(2,3-dihydroxypropyl)-N,N-dimethyldodecan-1-ammonium tosylate, 
yield: 36%) in molar ratio 45:55. The product was not further purified. 1H NMR (DMSO-d6): 
δ = 0.86 (t, 3H, CH2CH3), 1.25 (s, 18H, CH3alkane), 1.59-1.75 (br, 2H, N+CH2CH2), 2.29 (s, 
3H, CH3tosylate), 3.09 (s, 6H, N+(CH3)2), 3.29-3.34 (m, 2H, N+CH2CH2), 3.69 (d, 2J = 14.6 Hz, 
1H, N+CHaHbCHO), 3.93 (dd, 2J = 14.5 Hz, 3J = 9.3 Hz, 1H, N+CHaHbCHO), 4.17 (dd, 2J = 
3J = 8.2 Hz, 1H, OCHaHb), 4.70 (dd, 2J = 3J = 8.6 Hz, 1H, OCHaHb), 5.43 (ddd, 
3J = 3J = 3J = 8.4 Hz, 1H, OCH), 7.12 (d, 3J = 7.9 Hz, 2H, CHaryl), 7.49 (d, 3J = 8.0 Hz, 2H, 
CHaryl) ppm. 1H NMR spectrum of the functional cyclic carbonate Qs12Ts is given in 
Annexes of this chapter (Figure 53). 
2-(((2-Oxo-1,3-dioxolan-4-yl)methoxy)carbonylamino)ethanesulfonic acid (S). Taurine 
(3.88 g, 31.0 mmol) and sodium hydrogen carbonate (7.81 g, 93.0 mmol) were suspended at rt 
in water (40 mL). The suspension was cooled down at 0°C and a solution of glycerol (2-oxo-
1,3-dioxolan-4-yl)methyl chloroformate (2) (91%, 6.818 g, 34.3 mmol) in THF (30 mL) was 
added under stirring. The solution was stirred at 0°C for 1h and at rt for 20 h. The solution 
was acidified with 10 mL HCl 5%, washed three times with CHCl3 in order to remove the non 
ionic impurities (impurities contained in (2-oxo-1,3-dioxolan-4-yl)methyl chloroformate and 
eventually the non reacted (2-oxo-1,3-dioxolan-4-yl)methyl chloroformate).10 The acidic 
water phase was freeze-dried. A white solid containing the desired product, its hydrolysis side 
product, salts and impurities from starting materials was obtained (yield: 13.03 g with salts 
and impurities). 1H NMR (D2O): δ = 3.11 (t, 3J = 9 Hz, 2H, CH2SO3 or CH2NH), 3.55 (t, 3J = 
9 Hz, 2H, CH2SO3 or CH2NH), 4.30 (dd, 2J = 13 Hz, 3J = 4 Hz, 1H, NHCOOCHaHb), 4.45-
4.54 (m, 2H, NHCOOCHaHb, OCOOCHaHb), 4.73 (dd, 2J = 3J = 9 Hz, 1H, OCOOCHaHb), 
5.14-5.24 (m, 1H, OCH) ppm. 13C NMR (D2O): δ = 36.4 (CH2NH), 50.2 (CH2SO3), 64.0 
(NHCOOCH2), 67.1 (OCOOCH2), 76.0 (OCH), 157.4, 157.5 (2C, OCON, OCOO) ppm. 1H 
and 13C NMR spectra of the functional cyclic carbonate S are given in Annexes of this chapter 
(Figure 54). 
7-Hydroxy-4,10-dioxo-5,9-dioxa-3,11-diazatricosane-1-sulfonic acid (7) and 7-
(hydroxymethyl)-4,9-dioxo-5,8-dioxa-3,10-diazadocosane-1-sulfonic acid (7’). 
Dicarbonate linker 1 (1.000 g, 4.20 mmol) was added to a solution of taurine (525 mg, 4.20 
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mmol) and DBU (1.286 g, 8.45 mmol) in DMF (5 mL). The solution was stirred at rt for 16 h. 
To 2 mL of the solution was added dodecyl amine (222 mg, 1.2 mmol). The solution was 
stirred at rt for 16 h and analyzed by 1H NMR spectroscopy (see Annexes of this Chapter; 
Figure 55). 
(2-Oxo-1,3-dioxolan-4-yl)methyl 3-(dimethylamino)propylcarbamate (T). To a solution 
of dicarbonate linker 1 (12.00 g, 50.38 mmol) in THF (200 mL) at 0 °C was added a solution 
of 3-dimethylamino-1-propylamine (5.14 g, 50.3 mmol) in THF (80 mL) and the temperature 
was kept below 5 °C. The reaction was stirred for 16 h at rt. Solvents were removed by 
distillation (~20 mbar, 40 °C). The residue was dissolved in THF/Et2O (1:1, v:v, 300 mL) and 
extracted with H2O (5 x 300 mL). The water fractions were gathered and extracted with 
CHCl3 (5 x 400 mL). The organic phases were dried over Na2SO4 and solvent was removed 
by distillation. After drying at rt under 10-3 mbar, a colorless viscous oil was obtained (yield: 
6.18 g, 50 %). 1H NMR (CDCl3): δ = 1.66 (tt, 3J = 6.8 Hz, 2H, NHCH2CH2), 2.22 (s, 6H, 
N(CH3)2), 2.35 (t, 3J = 6.8 Hz, 2H, CH2N(CH3)2), 3.24 (dt, 3J = 3J = 6.0 Hz, 2H, NHCH2), 
4.23-4.38 (m, 3H, OCOOCHaHb, NHCOOCH2), 4.55 (dd, 3J = 8.3 Hz, 1H, OCOOCHaHb), 
4.88-4.97 (m, 3J = 7.2 Hz, 1H, OCH), 6.31 (t, 1H, NH) ppm. 13C NMR (CDCl3): δ = 26.7 
(NHCH2CH2), 40.5 (NHCH2), 45.4 (2C, N(CH3)2), 58.0 (CH2N(CH3)2), 63.2 (NHCOOCH2), 
66.0 (OCOOCH2), 74.6 (OCH), 154.8 (OCOO), 155.7 (OCONH) ppm. 1H and 13C NMR 
spectra of the functional cyclic carbonate T are given in Annexes of this chapter (Figure 56). 
(2-Oxo-1,3-dioxolan-4-yl)methyl bis(3-(dimethylamino)propyl)carbamate (Td). To a 
solution of 3,3′-iminobis(N,N-dimethylpropylamine) (5.964 g, 30.9 mmol) in chloroform (45 
mL), a solution of (2-oxo-1,3-dioxolan-4-yl)methyl chloroformate (2) (91%, 6.916 g, 
34.9 mmol) in chloroform (20 mL) was added under stirring at 0°C. The solution was stirred 
at 0°C for 1h and at rt for 20 h. The solution was diluted with AcOEt and the product was 
extracted with aqueous HCl 5%. After adjusting the water phases to pH 8 with NaOH 5%, the 
product was extracted with CH2Cl2. The organic phase was dried over Na2SO4 and the 
solvents were removed to yield a yellow oil (2.69 g, ~26%) was obtained, which contained 
the desired di(tertiary amine) functional coupler Td, the diglycerol tricarbonate 3 and other 
impurities. 1H NMR (DMSO-d6): δ = 1.60 (tt, 4H, CON(CH2CH2)2), 2.10 (s, 12H, N(CH3)2), 
2.16 (t, 4H, CH2N(CH3)2), 3.10-3.26 (dt, 4H, (CO)NCH2), 4.14-4.40 (m, 3H, OCOOCHaHb, 
NCOOCH2), 4.58 (dd, 1H, OCOOCHaHb), 4.99-5.10 (m, 1H, OCH) ppm. 1H NMR spectrum 
of the functional cyclic carbonate Td is given in Annexes of this chapter (Figure 57). 
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5.6 Annexes 
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Figure 44. NMR spectra and assignment of dicarbonate linker 1 in DMSO-d6. (a) 1H and (b) 13C (# = 
residual solvent peak, + = TMS). 
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Figure 45. NMR spectra and assignment of glycerol carbonate 3 in DMSO-d6. (a) 1H and (b) 13C (# = 
residual solvent peak, + = TMS, * = water). 
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Figure 46. NMR spectra and assignment of diglycerol tricarbonate 4 in DMSO-d6. (a) 1H and (b) 13C 
(# = residual solvent peak, + = TMS, * = water). 
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Figure 47. NMR spectra and assignment of phenyl diethylcarbamate 5 in CDCl3. (a) 1H and (b) 13C (# 
= residual solvent peak, + = TMS, * = water, A = ethyl acetate). 
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Figure 48. NMR spectra and assignment of geminal didodecyl functional coupler Ad12 in CDCl3. (a) 
1H and (b) 13C (# = residual solvent peak, T = THF, * = water). 
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Figure 49. 1H NMR spectra and assignment of (a) fluoresceinamine, functional couplers (b) F1 and 
(c) F2 in DMSO-d6 (# = residual solvent peak, * = water, A = ethyl acetate, F = fluoresceinamine). 
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Figure 50. NMR spectra and assignment of cationic coupler QI in DMSO-d6. (a) 1H and (b) 13C (# = 
residual solvent peak, + = TMS, * = water). 
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Figure 51. NMR spectra and assignment of cationic coupler QS in DMSO-d6. (a) 1H and (b) 13C (# = 
residual solvent peak, + = TMS, * = water, M = methanol, P = phenol). 
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Figure 52. NMR spectra and assignment of cationic coupler QsS in DMSO-d6. (a) 1H and (b) 13C (# = 
residual solvent peak, + = TMS, * = water). 
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Figure 53. 1H NMR spectra and assignment of cationic coupler Qs12Ts in DMSO-d6 (# = residual 
solvent peak, + = TMS, * = water). 
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Figure 54. NMR spectra and assignment of sulfonate functional coupler S in D2O prepared from 
taurine and chloroformate 2. (a) 1H and (b) 13C (# = residual solvent peak, G = glycerol carbonate 3, T 
= taurine, * = other impurities). 
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Figure 55. 1H NMR spectra and assignment both isomers of 7 and 7’ in DMSO-d6 (# = residual 
solvent peak, + = TMS, * = DMF, P = phenol). 
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Figure 56. NMR spectra and assignment of tertiary amine functional coupler T in CDCl3. (a) 1H and 
(b) 13C (# = residual solvent peak, T = THF, P = phenol and other aromatic impurities). 
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Figure 57. 1H NMR spectrum and assignment of Td in DMSO-d6 (# = residual solvent peak, A = 
AcOEt). 
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Appendix A: Structure of PEI 
Branched poly(ethylene imine) (PEI or BPEI) is a polyamine containing primary, secondary 
and tertiary amine groups. It has a high cationic charge density in water and a branched 
structure close to the hyperbranched polymers with the primary amine groups at the periphery 
and the tertiary/secondary amine groups in the interiors. It is soluble in water, alcohol and 
polar solvents such as DMF, DMSO, and CHCl3. In solution it has a globular shape. Due to 
its unique structures and properties, PEI has a wide field of applications summarized in Table 
12 and is used in the following industrial application areas: paper production, dye fixation in 
textile processing, pigment dispersant, printing inks, lubricant in fiberglass production, 
laminated packaging films, primer for coatings, water treatment, metalworking, mining 
industry and pressure sensitive adhesives.1 In microbiological studies, PEI is also mentioned 
as membrane permeabilizer,2 and is one of the most efficient nonviral vectors for gene 
delivery.3-5 
Table 12. Properties and industrial applications of PEI. 
Properties Applications 
Weak base 
 
- Substitute for volatile amines 
- Formation of reversible complexes with heavy metal ions 
Affinity to electronegative 
substrates 
- Adhesion between dissimilar substrates (cellulose, polyesters, 
polyamides, polyolefines, aluminium) 
- Adhesion promoter and primer for various applications  
Hyperbranched structure - Crosslinker for lattices 
- Reduction of drying time in paints 
- Increase of cohesion in pressure sensitive adhesives 
 
A.1 Preliminary remarks on the synthesis of PEI 
Commercial poly(ethylene imine)s are obtained by cationic ring-opening polymerization of 
aziridine (ethylene imine) in water or water-alcohol mixture with a protonic acid as catalyst 
(Figure 58).6 The branching processes occur already in the early stages of the polymerization. 
In the latter stages, the main contribution of chain growth is the combination of lower 
oligomers, i.e. the macromolecules grow by reaction of an activated (protonated) aziridine 
attached to an oligomer with a primary or preferentially secondary amine of another oligomer. 
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As termination step, an intramolecular reaction – a back-biting reaction – has been proposed. 
Moreover, in order to control the molecular weight, the polymerization can be quenched with 
amines. By choosing ethylene diamine as quencher, the structure of the terminal end groups 
are exactly the same as the other end groups of the side chains (Figure 58). The PEIs used in 
these studies have been quenched with ethylene diamine.1 
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Figure 58. Mechanism of aziridine polymerization.6,9 
A.2 Structure of PEI determined by 13C NMR spectroscopy 
The difficulty to determine the structure of PEI is due to its polydispersity and chain 
isomerism. This polymer has a high molar mass distribution and even for molecules with the 
same molar mass; it may occur in a multitude of isomers with primary, secondary and tertiary 
amine groups linked via ethylenic fragments. The best analytical method to study this 
structure is NMR spectroscopy and especially 13C NMR. In 1973 already,7 8 signals were 
observed and assigned to the 8 different carbon atoms belonging to five different ethylenic 
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fragments (Figure 59 and Table 13). The fragments (3) and (5) are symmetric and have each 
only one signal; the other fragments are non symmetric and have therefore two signals. The 
NMR analyses were repeated for the three PEIs used in this study. The resolution of the 1H 
NMR spectrum is much lower: besides the exchangeable protons of primary and secondary 
amine groups forming a broad singlet at ca. 1.8 ppm, the methylenic signals overlap between 
2.4 and 2.9 ppm. The methylenic signals were assigned only recently using 1H-1H correlation 
spectroscopy (COSY) and 1H-13C heteronuclear multiple quantum correlation (HMQC).8  
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Figure 59. 1H (a) and quantitative 13C (b) NMR spectra in CDCl3 of PEI 25 000 used in this work. 
Assignments were taken from literature, see text. 
132 Appendixes  
Table 13. 13C NMR characterization of PEI 1300, 25 000, and 750 000 measured in this study. 
Integrals Fragment ratio [%] Frag-
ment 
no. 
Fragment 
structures δ [ppm] PEI 
1300 
PEI 
25 000 
PEI 
750 000 
PEI 
1300 
PEI 
25 000 
PEI 
750 000 
1a –NHCH2CH2NH2 41.6 0.607 0.461 0.467 
1b –NHCH2CH2NH2 52.4 0.607 0.461 0.467 
18.9 15.0 15.2 
2a >NCH2CH2NH2 39.8 0.604 0.479 0.494 
2b >NCH2CH2NH2 57.6 0.574 0.463 0.494 
18.3 15.4 16.1 
3 –NHCH2CH2NH– 49.4 0.871 0.939 0.846 13.5 15.4 13.8 
4a >NCH2CH2NH– 54.6 1.014 1.043 1.000 
4b >NCH2CH2NH– 47.6 1.000 1.000 1.000 
31.3 33.4 32.6 
5 >NCH2CH2N< 53.1 1.152 1.270 1.374 17.9 20.8 22.4 
 
In this study, quantitative 13C NMR spectrum of each PEI used for the preparation of 
functionalized polymers was measured with inverse-gated decoupling. The different signals 
were integrated. In the case the signal could not be integrated because of the overlapping, (e.g. 
1b is overlapping with 5), the integral of the adjacent methylene group was taken (in this 
example the value for 1a was taken for 1b). The ratio of the different fragments and the ratio 
of the different amine groups can be calculated with the equations given elsewhere.7 For all 
PEI samples, nearly one third of fragments are the fragment (4) with a tertiary amine on one 
side and a secondary amine on the other side. For each polymer, both terminal fragments (1) 
and (2) are in comparable the abundance. The PEIs contain around 20% fragment (5) having 
on both side a tertiary amine. The results are quite surprising since previous studies based on 
titration and IR spectroscopy strongly suggest that tertiary amine groups contain only 
secondary amine groups as closest neighbors.9  
The ratio of primary, secondary and tertiary amine groups is ca. 36:37:27, 31:39:30 and 
31:38:31, respectively, as determined in CDCl3 solutions for PEIs with molecular weights 
(Mw) of 1300, 25 000 and 750 000 g/mol. Measurements were repeated in D2O and no bigger 
deviations than 0.6% were observed. The values for PEI 25 000 are exactly the same as data 
previously published for PEI 25 000 and obtained recently by NMR spectroscopy (ratio 
31:39:30).10 This reference contains also the ratio for PEI 5000 (34:36:30). All these polymers 
have a content of primary amine groups higher than 30% (Table 14). These results are slightly 
different from the well-established data which were 25:50:25.6 The difference is probably due 
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to three factors: (i) PEI is now commercially available in industrial scale while earlier it was 
prepared in a lab scale (ii) the polymerization process changed (different catalyst and 
quencher are used) (iii), the sensitivity of the NMR instruments increased dramatically since 
last 30 years enabling now more accurate measurements. 
Table 14. Ratio of primary, secondary and tertiary amines calculated from NMR spectra (see table 
footnotes for references). 
Ratio [%] 
Amine 
PEI 
1200a 
PEI 
1300b 
PEI 
5000c 
PEI 
25 000b 
PEI 
750 000b 
Primary 31 36 ± 4 34 31 ± 3 31 ± 3 
Secondary 45 37 ± 4 36 39 ± 4 38 ± 4 
Tertiary 24 27 ± 3 30 30 ± 3 31 ± 3 
a
 The tertiary amine groups were determined by titration. The values of primary and tertiary amine 
groups should be equal excepting end groups. The contents of primary amine end groups were 
assumed for a polymer with the Mw of 1200 g/mol. Ref. 9. b This study. c Ref. 10. 
The aim of the following discussion is to clarify some ideas about the composition of PEI. 
Dick and Ham9 encountered difficulties to determine the content of primary and secondary 
amine groups and did not perform direct measurements, but provided one set of results for a 
PEI with a molecular weight of 1200 which was very close to results we can find nowadays 
for PEI: the total nitrogen content was measured using the Dumas method.11-13 After 
acetylation of the primary and secondary amine groups, the content of tertiary amine groups 
was determined by titration. The molecular weight (1141 g/mol) was calculated from the mole 
ratio of ethylene imine / ethylene diamine in the feed and was confirmed by the ebullioscopic 
method (Mn = 1200 g/mol). Finally the concentration of primary amine groups was 
determined by assuming that the amount of primary and tertiary amine groups is equal 
excepting end groups (here “end groups” should be understood as the real two end groups, the 
initial one where the initiation step occurred and final one where the polymerization was 
quenched with ethylene diamine). By this evaluation, PEI has primary, secondary and tertiary 
amine groups in a ratio of 31:45:24. Two other titration methods gave a concentration of 
tertiary amine groups of 25.5% and 26.1%.9 
Kobayashi in his review “Ethylenimine polymers”6 cited the work of Dick and Ham but did 
not mention the use of ethylene diamine as quencher. He reported therefore a ratio for the 
ideal case where only ethylene imine was polymerized without any quenching step but the 
back biting mechanism. He gave a ratio for primary, secondary and tertiary amine groups of 
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ca. 25:50:25. It was erroneously assumed that the content of primary amine groups was equal 
of the one of tertiary amine groups (around 25%). This would be true only for an ideal 
polymer with an infinite molecular weight or for polymers where the termination step is the 
back biting (Figure 58). 
A.3 Absolute molecular weight of PEI 
In this section a new method for the determination of the molecular wheight of PEI based 
on 13C NMR spectroscopy is presented. Dick and Ham9 reported that the amount of primary 
and tertiary amine groups is equal excepting “end groups” (both initial and final end groups). 
This is true for PEIs which polymerization was quenched with ethylene diamine. Such 
macromolecules possess two primary amine groups as end groups. Other primary amine 
groups can be found on the side chains assuming a branching point (tertiary amine group). 
Therefore the total number of amine groups (Ntot) is given by: 
 tertprimtot NNNN ++= sec   (1) 
 2+= tertprim NN    (2) 
with Nprim, Nsec and Ntert are the numbers of primary, secondary and tertiary amines, 
respectively. The molecular weight of a PEI molecule is given by:  
 )()()( EDAMWEIMWxPEIM nn +⋅=   (3) 
where Mn(PEI) is the number average molecular weight of PEI containing xn ethylene imine 
monomers and MW(EI) and MW(EDA) are the molecular weights of an ethylene imine and 
ethylene diamine molecule, respectively. Also: 
 2+= ntot xN  (4) 
The difference (in %) between the amount of tertiary amine groups and the one of primary 
amine groups (∆tert,prim) is defined as: 
 100
,
⋅
−
=∆
tot
tertprim
primtert N
NN
 (5) 
By introducing (2) into (5), it was obtained:  
 
tot
primtert N
200
,
=∆  (6) 
By combining (4) and (6): 
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 2200
,
−
∆
=
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And by replacing xn in (3) with (7): 
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





−
∆
=  (8) 
With the equation (8) and the values of Table 14, it is possible to calculate the absolute 
number average moleculare weight of a PEI by knowing only the difference of the ratio of 
tertiary and primary amine groups (∆tert,prim). ∆tert,prim is exactly the difference between the 
ratio primary amine/repetitive units and the ratio tertiary amine/repetitive units. The results 
are given in the Table 15 and are in very good agreement with the molecular weights obtained 
from other methods. A relative error of 5% for quantitative NMR is exaggerated especially in 
the case of PEI because all the carbons are in the same environment. Figure 60 gives the 
graphical relationship between ∆tert,prim of a PEI polymer and its molecular weight according 
to equation (8): the function is a reciprocal function. The method is valid for all ethylene 
imine polymers quenched with ethylene diamine, whatever the amount of tertiary amine 
groups in the polymer. The method is quite reliable for polymers with low molecular weight, 
below 10 000. Beyond, a small error in the estimation of the ∆tert,prim gives extreme shift in the 
error gap in the determination of the molecular weight. 
Table 15. Difference (in %) between the amount of tertiary amine groups and of primary amine 
groups (∆tert,prim), and molecular weight calculated with equation (8). 
Polymer ∆tert,prim [%] Calc. Mn [g/mol] 
PEI 1300 8.8 9.5 · 102 
PEI 5000 4 2.1 · 103 
PEI 25 000 0.48 1.8 · 104 
PEI 750 000 0.18 4.8 · 104 
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Figure 60. Relationship between ∆tert,prim of a PEI polymer and its molecular weight (Mn). 
A.4 Conclusions 
The ratio of primary, secondary and tertiary amine groups of PEI 1300, PEI 25 000, and 
PEI 750 000 was determined using quantitative 13C NMR spectroscopy and values of 
36:37:27, 31:39:30 and 31:38:31, respectively, were found. These data can be used to 
determine the molecular weight by using the following principle: the amounts of tertiary 
amine groups and primary amines groups are equals except the “end groups”. Molecular 
weight of 950, 18 000 and 48 000 g/mol have been found for PEI 1300, 25 000, and 750 000, 
respectively, validating this new method.  
A.5 Experimental section 
Materials. Different poly(ethylene imine)s (PEIs) corresponding to various molecular 
weights have been used: PEI 1300
 
(Lupasol G20, ~50% aqueous solution, Mw = 1.3 × 
103 g/mol, BASF), PEI 25 000 (water-free, Mw (LS) = 2.5 × 104 g/mol, Aldrich), and PEI 
750 000 (Lupasol P, ~50% aqueous solution, Mw = 7.5 × 105 g/mol, BASF). All PEIs were 
freeze-dried before use. 
Instruments. 1H and inverse gated 13C NMR spectra were recorded on a Bruker DPX-300 
FT-NMR spectrometer at 300 MHz and on a Bruker AV-600 FT-NMR spectrometer at 
151 MHz, respectively. Chloroform-d (CDCl3) and deuterium oxide (D2O) were used as 
solvents and tetramethylsilane (TMS) served as an internal standard. 
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Appendix B: Reaction of functional cyclic 
carbonates with amines and polyamines - 
Functionalized poly(ethylene imine)s 
B.1 Introduction 
The reaction between ethylene carbonate and ammonia or an amine in aqueous media does 
not yield products of hydrolysis of the heterocycle as it was expected but ring-opening and 
formation of an addition product of the amine to form a urethane moiety.14 After this 
discovery in the middle of the twentieth century, this reaction was studied extensively.15 
Besides their use as dipolar aprotic groups for different applications, five-membered cyclic 
carbonates are useful as substitutes for acyl halides or isocyanates. Reactions of amines with 
cyclic carbonates do not require any catalysts and do not yield any elimination product. They 
found applications for the preparation of new polymer: (i) polymers containing five-
membered cyclic carbonate side groups16-20 which can be further functionalized by reaction 
with primary amines bearing the desired functions,21,22 and (ii) preparation of poly(hydroxyl 
urethane)s by reaction of bis(cyclic carbonate)s with diamines.23-27 
(i) Polymers containing five-membered cyclic carbonate side groups can be prepared by 
(co)polymerization involving monomers such as carbonates (2-oxo-1,3-dioxolan-4-
yl)methoxy-2-ethyl, methacrylate (2-oxo-1,3-dioxolan-4-yl)methyl acrylate or methacrylate, 
16,17
 glycerine carbonat vinyl ether, 4-vinyl-1,3-dioxolan-2-one, vinylene carbonate,18 cyclic 
carbonate of 5-norbornene-2,3-diol,19 and 5-(2-oxo-1,3-dioxolan-4-yl)methyl-5-propyl-1,3-
dioxan-2-one.20 The obtained polymers can be functionalized by reaction of the cyclic 
carbonates with an amine such as alkyl amines21,22 or dialkyl amine.21 The rate of reaction of 
secondary amine is much lower. In order to obtain full conversion of the cyclic carbonate, an 
excess of amine was used.22  
(ii) Polyurethanes bearing hydroxyl groups are difficult to be prepared by polyaddition of 
polyols and diisocyanates. However, polyurethanes bearing hydroxyl groups in the backbone 
can be prepared from bis(five-membered cyclic carbonate)s and diamines.23-27 Most of the 
polymerization were carried out at high monomers concentration (1 mol/L each). 
More reactive monomers than bis(five-membered cyclic carbonate)s for the preparation of 
poly(hydroxyl urethane)s are bis(six-membered cyclic carbonate)s or even bis(seven-
membered cyclic carbonate)s.28 Another alternative has been found in our group by 
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polycondensation of the dicarbonate coupler ((2-oxo-1,3-dioxolan-4-yl)methyl phenyl 
carbonate) with an equimolar amount of diamine.29 Crosslinked materials can be obtained by 
reactions of a bis(cyclic carbonate)s with a polyamine.23  
Kinetic studies of the reaction of substituted cyclic carbonates with hexylamine show that 
the reaction is second-order; first order with respect to the concentrations of the cyclic 
carbonate and hexylamine.30 The substituent on the ethylene carbonate ring has two main 
effects on the reaction: (i) change of the rate of the reaction and (ii) change of the ratio of the 
resulting isomers (primary to secondary alcohols).  
(i) The rate constant (k) of the reaction between ethylene carbonate and hexylamine is 0.23 
L/mol · h in DMSO-d6 at 70°C. The substitution of one proton of ethylene carbonate by an 
electron-withdrawing group such as CF3 or CH2OPh accelerates the reaction (k = 64 and 0.42 
L/mol · h, respectively). The substitution through a methyl group decreases the rate (k = 0.05 
L/mol · h). 
(ii) An electron-withdrawing group favors the major isomers: a ratio primary/secondary 
alcohol of 100:0 and 81:19 are obtained with the substituent CF3 and CH2OPh, respectively, 
while propylene carbonate gives a ratio of 55:45.30 
In the reaction of propylene carbonate with glycine in water, the ratio carbamate/diol (that 
means addition of the amine groups / addition of water) is dependent on the pH: 20:80, 40:60, 
and 45:55 at pH 9.06, 9.73, and 10.40, respectively.31 
Study of the salt effect on the reaction of bis(five-membered cyclic carbonate) and diamine 
in the presence of 5 mol% of a salt such as LiCl shows an enhancement of the conversion and 
an increase of the molecular weight.32 
B.2 Reaction of functional cyclic carbonates with amines 
In Chapter 2, two model reactions of A12 and QsI with 3-dimethylamino-1-propylamine 
and dodecyl amine, respectively, were described. In the first case, the desired product was 
obtained in quantitative yield by reaction with in large excess of amine in CHCl3 under reflux. 
In the second case, the desired urethane compound was obtained with a yield of 85% by 
reacting the amine in excess for 18 h in DMAc at 45°C. These reactions required an excess of 
amine in order to obtain full conversion of the cyclic carbonates. Under the same conditions 
reaction with secondary amines should be much slower and was not observed. 
In our group, a molecule bearing two five-membered cyclic carbonate moieties and one 
secondary amine group was obtained in high yield (92%) by reaction of bis[2-
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aminoethyl]amine with 2.14 eq. of the dicarbonate coupler.33 It was required to be stored at 
0°C to avoid further reaction. 
It is now commonly accepted that the five-membered cyclic carbonate reacts preferentially 
with primary amine. Reaction with secondary amine is possible but it requires much more 
time than with primary amine under the same reaction conditions. It can be expected that by 
reaction of functional cyclic carbonates with PEI, a small amount of secondary amine groups 
of the polymer can attack especially at the end of the reaction time, when the remaining 
primary amine groups are nearly all consumed or are less accessible because of their location 
more inside the polymer core. 
B.3 Reaction of functional cyclic carbonates with PEI 
In the chapters 2–4, the preparation of functionalized PEIs for applications as cationic 
polymers with good adhesion, as antimicrobial solution and as coating is described. However, 
additional PEIs were prepared with functional groups such as fluorescent group for labeling, 
reactive groups for application as primer polymer for textile finishing. Preliminary 
investigations about the functionalization of PEI with sulfonate groups and on the effect of the 
sequence of addition of the functionalized carbonates to the feed are also discussed. 
As described in the Chapter 3, even if ca. 30% of the repeating units are primary amine 
groups which could be easily converted to urethane groups, all reactions were carried out with 
a desired degree of functionalization of 25%. This has the advantage that the conversion was 
complete after 1–4 d at 60°C with an initial concentration of cyclic carbonate of 0.5–
0.6 mmol per mL of solvent. DMAc or DMF were used as solvent. The triplet assigned to a 
proton of the methylene group of the cyclic carbonates (signal 2b, Chapter 5, e.g. Figure 56) 
served for the monitoring of the conversion by 1H NMR spectroscopy (Figure 61). 
In the chapters 2–4, the preparation of 37 different functionalized PEIs was described. The 
preparation of additional polymers follows the description in the chapter 3. All polymers 
except PEI25-1.QI12.5-2.A1212.5, PEI25-1.A1212.5-2.QI12.5 (where 1. and 2. indicate that the 
functional carbonates were added one after the other), and PEI25-S25 were prepared according 
to the general procedure and by using the amount of material given in Table 17 (see 
Experimental section). 
All prepared polymers were characterized qualitatively via 1H and 13C NMR and 
quantitatively via 1H NMR spectroscopy only. Qualitatively, it was checked that the content 
of residual solvents (DMAc or DMF, methanol) is not too high, that the conversion is 
complete and that the hydrolysis of the cyclic carbonate did not take place. Quantitatively, the 
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composition of the polymers was determined: the ratio between the different functional 
groups was calculated by integrating one characteristic signal for each function. With the 
additional integration of the ethylene imine repetitive units, the degree of functionalization of 
the polymer for each introduced functional group can be determined. Finally by integrating 
the signal 13’ of the glycerol unit of the minor isomers and comparing it to the sum of the 
characteristic integral, the ratio of both isomers can be determined. (i) Two examples of 
polymers, PEI25-QI15-A1210 and PEI25-QI12.5-Q8Br12.5, prepared for the Chapter 4, (ii) the 
synthesis and the charaterization of polymers with sulfonate groups, (iii) a preliminary 
example of the effect of the sequence of addition of the functional cyclic carbonates will be 
discussed in the following. 
(i) PEI25-QI15-A1210 and PEI25-QI12.5-Q8Br12.5 are excellent examples for the synthesis of 
amphiphilic polymers as described previously: in both polymers no unreacted functional 
cyclic carbonates or their hydrolysis products were detected neither by 1H nor by 13C NMR 
spectroscopy (Figure 61 and Figure 62). By taking care to subtract the basis line or the 
disturbing part of an overlapping neighbor signals, the following signals were integrated: 
28A, 18Q, 1–8, 13’, and 32A, 18Q, 1–8, 13’, for PEI25-QI15-A1210 and PEI25-QI12.5-
Q8Br12.5, respectively. PEI25-QI15-A1210 has a degree of functionalization of 17.8% and 11.2 
% with cationic groups and dodecyl chains, respectively, and a ratio major/minor isomers of 
78:22. PEI25-QI12.5-Q8Br12.5 has a degree of functionalization of 11.9% and 12.9% with 
cationic groups and amphiphilic groups, respectively, and a ratio major/minor or 76:24. These 
results are in good agreements with degree of functionalization calculated from the feed and 
the ratio of isomers obtained for reaction of cyclic carbonate (A12) with a 3-dimethylamino-
1-propylamine (compound 13, Chapter 2, ratio 79:21). 
The singlet at the chemical shift of 2.09 ppm (signal T) was assumed to belong to two 
methyl groups of the tertiary amine obtained by dealkylation of the quaternary ammonium 
group (signal 20Q). For comparison purposes, the methyl groups of an analogous low-
molecular weight compound (13, Chapter 2) have a chemical shift of 2.12 ppm in the same 
solvent. 
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Figure 61. NMR spectra and assignments of PEI25-QI15-A1210, in DMSO-d6: (a) 1H and (b) 13C (# = 
residual solvent peak, * = DMF, C = indication of the chemical shift for the proton 2b of the cyclic 
carbonate, M = methanol, + = water, T = methyl group of tertiary amine obtained by dealkylation of 
the quaternary ammonium group, X = A and Q). 
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Figure 62. NMR spectra and assignments of PEI25-QI12.5-Q8Br12.5, in DMSO-d6: (a) 1H and (b) 13C (# 
= residual solvent peak, * = DMF, M = methanol, T = methyl group of tertiary amine obtained by 
dealkylation of the quaternary ammonium group, X = A and Q). 
(ii) Three polymers were prepared with the sulfonate functional cyclic carbonate S: PEI25-
S25, PEI25-S12.4-A1212.4-P0.2, and PEI25-S12.5-A1612.5. PEI25-S25 precipitates during the 
reactions and was isolated by filtration. It was obtained in good yield and contained only 
small amounts of hydrolysis product. The characteristic signals for the glycerol units (signals 
12–14 and 12’–14’ for both isomers), the taurine unit (signals 17S and 18S), and the PEI 
methylene in α-position to urethane (signals 6’ and 8’) were analyzed in the 1H NMR 
spectrum (Figure 63). 
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Figure 63. 1H NMR spectrum and assignments of PEI25-S25 in D2O (# = residual solvent peak, * = 
DMF, H = hydrolysis product of S). 
The amphiphilic polymers, PEI25-S12.4-A1212.4-P0.2 and PEI25-S12.5-A1612.5 were prepared 
by following the general procedure and analysed by 1H and 13C NMR spectroscopy. They 
contain beside the desired functional groups sulfonate (signals 17s and 18S) and alkyl groups 
(signals 17A–28A) both a significant amount of hydrolysis product 4 (Spectra for PEI25-S12.4-
A1212.4-P0.2 are shown, Figure 64). The pyrene protons (18P–31P) can be observed in the 1H 
NMR spectrum of PEI25-S12.4-A1212.4-P0.2. The spectra of these three polymers modified with 
sulfonate groups could not be quantitatively correctly analyzed because the signals overlap 
with those of solvents or the hydrolysis product. 
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Figure 64. NMR spectra and assignments of PEI25-S12.4-A1212.4-P0.2, in DMSO-d6: (a) 1H and (b) 13C 
(# = residual solvent peak, * = DMF, M = methanol, + = water, X = A, P and Q). 
(iii) The last topic of interest is the preliminary study with respect to the sequence of 
addition of the functional couplers. For this purpose, two polymers PEI25-1.QI12.5-2.A1212.5 
and PEI25-1.A1212.5-2.QI12.5 were prepared by addition of the second cyclic carbonate two 
days after the addition of the first one. The analytical results (1H NMR, CAC, MIC, DLS) 
were compared with those of PEI25-QI12.5-A1212.5, where both function cyclic carbonates 
were added simultaneously (characterization in Chapter 4). The quantitative analyses of the 
1H NMR spectra indicates that the composition of PEI25-1.A1212.5-2.QI12.5 and PEI25-QI12.5-
A1212.5 are very similar (ratio cationic/alkyl of 14.4:14.3 and 16.3:15.3, respectively, ratio 
major/minor isomers of 77:23 and 75:25) PEI25-1.QI12.5-2.A1212.5 did not fulfill the 
expectation (ratio cationic/alkyl of 21.5:14.4 and ratio major/minor isomers of 64:36) and was 
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obtained with a yield ca. 10% lower than the two others. At the end of the reaction, all cyclic 
carbonates have reacted and the ratio cationic/alkyl was in agreement with the expected value. 
It is only after the purification of PEI25-1.QI12.5-2.A1212.5, that the composition changed. 
More in details, the 1H NMR spectrum of PEI25-1.QI12.5-2.A1212.5 contains small amounts of 
the dealkylation product (signal T, see previously) while PEI25-1.A1212.5-2.QI12.5 contains a 
larger signal which was supposed to belong to a urea product. The correlation spectroscopy 
was not able to confirm this assumption, because the signal was too close of other signals of 
higher intensity (Figure 65). This chemical shift has already been observed in 1H NMR 
spectra of other functionalized PEIs, such as PEI25-QI12.5-A1212.5, but in much lower 
intensity. 
The determination of the CAC was measured by the fluorescence probe method. PEI25-
1.A1212.5-2.QI12.5 and PEI25-QI12.5-A1212.5 has CAC of 0.017 and 0.019 mg/mL, respectively, 
while PEI25-1.QI12.5-2.A1212.5 has a higher value (0.052 mg/mL; Figure 66). The size 
distribution obtained by DLS indicates that the PEI25-1.QI12.5-2.A1212.5 has a much broader 
signal which could be assigned to two different species (Figure 67). PEI25-1.QI12.5-2.A1212.5 
has also a lower MIC against E. coli (0.2 mg/mL) in comparison with the two other polymers 
(0.3 mg/ml). 
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Figure 65. 1H NMR spectra in DMSO-d6 of (a) PEI25-QI12.5-A1212.5, (b) PEI25-1.QI12.5-2.A1212.5, (c) 
PEI25-2.QI12.5-1.A1212.5. (# = residual solvent peak, M = methanol, T = methyl group of tertiary amine 
obtained by dealkylation of the quaternary ammonium group, U = CH2 in α of urea groups, X = A and 
Q). 
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Figure 66. Ratio of intensities at 334.5 and 338.0 nm of the pyrene excitation spectra in presence of 
PEI25-QI12.5-A1212.5, PEI25-1.QI12.5-2.A1212.5, and PEI25-2.QI12.5-1.A1212.5 at different polymer 
concentration C. 
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Figure 67. Size distribution by intensity of 1 wt% aqueous solution of PEI25-1.QI12.5-2.A1212.5, PEI25-
QI12.5-A1212.5, and PEI25-2.QI12.5-1.A1212.5. 
In conclusion, the results obtained for these polymers with different sequence of addition 
did not allow concluding with certitude that different microstructures have been prepared. The 
similar properties of PEI25-1.A1212.5-2.QI12.5 and PEI25-QI12.5-A1212.5 were explained by the 
fact that for the preparation of PEI25-QI12.5-A1212.5, the cyclic carbonates were mixed before 
the addition to the feed. They were not solubilized in DMF, because the cationic cyclic 
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carbonate QI is not soluble enough in DMF and it is not suitable to carry out the reaction at 
lower concentration. After a few minutes, the solution becomes always clear. As A12 has a 
higher solubility, it will react first and faster with the PEI. Therefore the properties of PEI25-
1.A1212.5-2.QI12.5 are the same as PEI25-QI12.5-A1212.5. At the end of the reaction, all cyclic 
carbonates have reacted and the ratio cationic/alkyl was in agreement with the expected value 
for all three polymers. The composition of the polymers was assumed to be the same. It is 
only after the purification of PEI25-1.QI12.5-2.A1212.5, that the composition changed. Also the 
different ratio isomers and a lower yield suggest that the microstructure of the polymers or the 
distribution of the functional groups between the different molecules were different and lead 
to different behaviour during the precipitation. Unfortunately, this interesting aspect was 
discovered only at the end of this work and a further investigation was not possible. 
B.4 List of functionalized PEIs 
Table 16 lists all functionalized PEIs prepared during this work with indication of their 
composition, as determined by 1H NMR and the chapter where the preparation is described. 
 Appendixes 149 
 
Table 16. Composition of the functionalized samples obtained by reaction of PEI with the functional 
carbonate couplers. 
Functionalized EI repeating unit [%]a 
Polymer 
Ionic Amphi-philic 
Hydro-
phobic 
UV active, 
fluorescent, 
or reactive 
Ratio 
major / 
minorb 
Chapter c 
(Name) d 
PEI25-QsI5 5 - - - n.d. 2 (PEI-1) 
PEI25-QsI25 24 - - - n.d. 2 (PEI-2) 
PEI25-A1225 - - 21 - n.d. 2 (PEI-3) 
PEI25-QsI20-A125 14 - 13 - n.d. 2 (PEI-4) 
PEI25-QsI14.85-A1214.85-
B0.3 
12.3 - 11.2 0.13 87:13 76:24 3 (PEI-1) 
PEI25-QI12.5-A1212.5-B0.25 16.6 - 14.2 n.d. 75:25 3 (PEI-2) 
PEI25-QsI12.5-A612.5-B0.25 12.7 - 13.5 0.17 88:12 76:24 3 (PEI-3) 
PEI25-QsI15-A1210-B0.25 15.1 - 9.8 0.20 89:11 76:24 3 (PEI-4) 
PEI25-QsI12.5-A1212.5-B0.25 12.0 - 12.2 0.23 88:12 78:22 3 (PEI-5) 
PEI25-QsI10-A1215-B0.25 9.3 - 15.0 0.18 88:12 76:24 3 (PEI-6) 
PEI25-QsI7.5-A1217.5-B0.25 6.6 - 18.4 0.21 88:12 77:23 3 (PEI-7) 
PEI25-QsI5-A1220-B0.25 4.3 - 20.2 0.20 88:12 76:24 3 (PEI-8) 
PEI25-QsI12.5-A1812.5-B0.25 14.3 - 14.6 0.28 88:12 79:21 3 (PEI-9) 
PEI25-QsI6.25-A126.25-D12.5 7.1 - 7.1 14.3 84:16 78:22 
3       
(PEI-10) 
PEI25-QI25 32.1 - - - 75:25 4 
PEI25-QI20-A65 20.7 - 5.6 - 73:27 4 
PEI25-QI20-A85 22.3 - 5.6 - 73:27 4 
PEI25-QI20-A105 21.0 - 5.2 - 73:27 4 
PEI25-QI20-A125 22.2 - 5.6 - 74:26 4 
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PEI25-QI20-A145 21.6 - 6.4 - 78:22 4 
PEI25-QI20-A165 22.2 - 5.0 - 74:26 4 
PEI25-QI20-A185 22.6 - 5.7 - 75:25 4 
PEI25-QI22.5-A122.5 24.8 - 2.9 - 74:26 4 
PEI25-QI17.5-A127.5 19.6 - 8.1 - 75:25 4 
PEI25-QI15-A1210 17.8 - 11.2 - 78:22 4 
PEI25-QI12.5-A1212.5 14.4 - 14.3 - 75:25 4 
PEI1.3-QI20-A125 21.8 - 5.2 - 71:29 4 
PEI750-QI20-A125 24.9 - 5.4 - 75:25 4 
PEI25-Q8Br25 - 24.9 - - 77:23 4 
PEI25-QI12.4-Q8Br12.4-P0.2 13.0 13.4 -  75:25 4 
PEI25-Q8Br12.5-A812.5 - 12.4 12.3 - 78:22 4 
PEI25-QI12.5-Q12Br12.5 11.9 - 12.9 - 76:24 4 
PEI25-Q12Br25 - 25.6 - - 77:23 4 
PEI25-QI12.4-A1212.4-P0.2 15.5 - 14.6  76:24 4 
PEI25-QI12.4-Ad812.4-P0.2 16.1 - 14.3  78:22 4 
PEI25-QsI12.5-A1212.5-B0.25 12.0 - 9.8 0.23 88:12 78:22 B 
PEI25-QsS12.5-A1212.5-B0.25 10.3 - 14.0 0.18 86:14 78:22 B 
PEI25-QI12-A1212-P1 13.3 - 11.3 0.75 78:22 B 
PEI25-QI12.45-A1212.45-P0.1 16.5 - 14.4 0.12 n.d. B 
PEI25-A1225 - - 21.7 - 78:22 B 
PEI750-A1225 - - 20.9 - 80:20 B 
PEI750-QsI12.5-A1212.5-
B0.25 
13.4 - 14.2 0.18 87:13 76:24 B 
PEI25-QI20 22.7 - - - 73:27 B 
PEI25-QI25 32.1 - - - 75:25 B 
PEI25-QI20 20.2 - - - 73:27 B 
PEI25-QI24.8-P0.2 25.5 - - 0.47 74:26 B 
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PEI25-QI12.5-A1212.5-
F20.00064 
13.9 - 13.3 n.d. 77:23 B 
PEI25-QI12.5-A1212.5-
F20.0064 
14.5 - 13.7 n.d. 78:22 B 
PEI25-1.QI12.5-2.A1212.5 21.5 - 14.4 - 64:36 B 
PEI25-1.A1212.5-2.QI12.5 16.3 - 15.3 - 77:23 B 
PEI25-S12.5-A1612.5 n.d. - n.d. - n.d. B 
PEI25-S25 n.d. - - - n.d. B 
PEI25-S12.4-A1212.4-P0.2 n.d. - n.d. n.d. n.d. B 
PEI25-QsI2.5-D22.5 13.5 - - 14.9 n.d. B 
PEI25-QsI5-D20 7.2 - - 19.5 n.d. B 
PEI25-QsI8.75-D16.25 3.2 - - 21.4 n.d. B 
PEI25-QsI12.5-D12.5 16.0 - - 12.8 n.d. B 
PEI25-QsI6.25-B0.25 6.6 - - 0.35 n.d. B 
PEI25-QsI2.5-D22.25-B0.25 4.4 - - 22.1 (D) 0.17 (B) n.d. B 
PEI25-QsI12.5-D12.25-B0.25 12.2 - - 11.3 (D) 0.17 (B) n.d. B 
a
 Percentage of primary amine groups, converted upon reaction with functional cyclic carbonates to 
the corresponding urethane groups as determined by NMR. b If two ratios is given, the ratio relative to 
QsI or QsS is given on the first line. c Chapter where the preparation of the polymer is described. d 
Name of the polymer if different of the one used in this chapter. 
B.5 Functional PEIs as primers for textile finishing 
The last six samples of Table 16 are PEIs containing cationic groups and reactive allylic 
groups. These polymers can be used as primer coating for textile finishing. Differents 
substrates could be coated (PET fabrics, cotton). Further functionalization of the obtained 
material surfaces ,e.g. hydrophilization of oleo-/hydrophobization, can be achieved by graft 
polymerization of potassium 3-acryloylpropylsulfonate, or heptadecafluorodecyl acrylate, 
repectively, on the reactive double bonds.34 
B.6 Conclusions 
This appendix extends and deepens different aspects of the functionalization of PEI with 
functional cyclic carbonates. One of the main difficulties was at the beginning to find the 
conditions for complete conversion of the carbonate into the carbamate moieties. PEI has 
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several advantages that can facilitate this investigation: (i) it contains tertiary and secondary 
amine groups that keep a high pH even at nearly full consumption of the primary amine 
groups. A high pH favours the formation of the carbamate rather than the hydrolysis into diol; 
(ii) it contains secondary amine groups which can also react with carbonates. Even if the rate 
is much lower, their contribution in the full conversion of the cyclic carbonate was not 
measured in this work, (iii) to avoid the hydrolysis problem, inert solvents have been used for 
the polymer analogous reactions. 
But does this trick help if the polymer will be used as aqueous solution? In the next 
appendix, the hydrolytic stability of an amphiphilic PEI will be briefly discussed. 
B.7 Experimental section 
Materials. N,N-dimethylformamide (DMF, Acros Organics) was used as received. 
Different poly(ethylene imine)s (PEIs) corresponding to various molecular weights have been 
used: PEI 1300
 
(Lupasol G20, ~50% aqueous solution, Mw = 1.3 × 103 g/mol, BASF), PEI 
25 000 (water-free, Mw (LS) = 2.5 × 104 g/mol, Aldrich), and PEI 750 000 (Lupasol P, ~50% 
aqueous solution, Mw = 7.5 × 105 g/mol, BASF). All PEIs were freeze-dried before use. 
Instruments. 1H and 13C NMR spectra were recorded on a Bruker DPX-300 FT-NMR 
spectrometer at 300 and 75 MHz, respectively. Chloroform-d (CDCl3) and dimethyl 
sulfoxide-d6 (DMSO-d6) were used as solvents and tetramethylsilane (TMS) served as an 
internal standard. 
Synthesis. General procedure for the functionalization of PEI with functional cyclic 
carbonates except for PEI25-S25, PEI25-1.QI12.5-2.A1212.5, and PEI25-1.A1212.5-2.QI12.5. To 
a solution of freeze-dried PEI (1.000 g) in DMF (15 mL) at 60°C a mixture of functional 
cyclic carbonates (Table 17) was added. The solution was stirred at 60°C for 4d. The polymer 
solution was precipitated into Et2O/pentane (1:1, v:v, 200 ml), and the two-phase system was 
stirred vigorously for 5 min. The upper layer (Et2O/pentane with impurities) was removed by 
decantation and the residue was dissolved in MeOH (5 ml) and precipitated again in 
Et2O/pentane. The purification procedure was repeated until the bottom layer became quite 
viscous and no change was observed. After drying in vacuum at rt, a slightly yellow highly 
viscous material was obtained. 
PEI25-S25. To a solution of freeze-dried PEI (amount in Table 17) in DMF (15 mL) at 60 °C 
functional coupler S was added and the solution was stirred at 60°C for 3 d. The polymer was 
filtrered, washed with MeOH and freeze-dried to yield a white solid. The polymer was 
analysed by 1H NMR (Figure 63). 
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PEI25-1.QI12.5-2.A1212.5 and PEI25-1.A1212.5-2.QI12.5. To a solution of freeze-dried PEI 
(amounts in Table 17) in DMF (15 mL) at 60 °C a first functional coupler, QI or A12 for 
PEI25-1.QI12.5-2.A1212.5 or PEI25-1.A1212.5-2.QI12.5, respectively, was added and the solution 
was stirred at 60°C for 2 d. The second functional coupler, A12 or QI, was added and the 
solution was stirred at 60°C for 4 additional days. The reaction was monitored by 1H NMR. 
The polymer was purified by precipitation, as described in the general procedure. 
Table 17. Preparation of functionalized PEI samples: reactants and yields. 
Mass of the functional carbonates [mg]a 
Polymer Ionic 
Hydro-
phobic Reactive 
Fluorescent 
or UV active 
Yield 
[%] 
PEI25-QsI12.5-A1212.5-B0.25 833 (QsI) 956 (A12) - 14.6 (B) 84 
PEI25-QsS12.5-A1212.5-B0.25 787 (QsS) 956 (A12) - 14.6 (B) 84 
PEI25-QI12-A1212-P1 1082 (QI) 918 (A12) - 87 (P) 72 
PEI25-QI12.45-A1212.45-P0.1 1122 (QI) 952 (A12) - 8.7 (P) 82 
PEI25-A1225 - 1912 (A12) - - 47 b 
PEI750-A1225 - 1912 (A12) - - 18 b 
PEI750-QsI12.5-A1212.5-
B0.25 833 (QsI) 956 (A12) - 14.5 (B) 82 
PEI25-QI20 1803 (QI) - - - 96 
PEI25-QI25 2253 (QI) - - - 94 
PEI25-QI20 1803 (QI) - - - 87 
PEI25-QI24.8-P0.2 2235 (QI) - - 17 (P) 100 
PEI25-QI12.5-A1212.5-
F20.00064 1127 (QI) 956 (A12) - 47 µL (F2) c 81 
PEI25-QI12.5-A1212.5-
F20.0064 1127 (QI) 956 (A12) - 
470 µL 
(F2) c 84 
PEI25-1.QI12.5-2.A1212.5 1127 (QI) 956 (A12) - - 75 
PEI25-1.A1212.5-2.QI12.5 1127 (QI) 956 (A12) - - 84 
PEI25-S12.5-A1612.5 1179 (S) d 1119 (A16) - - 67 
PEI25-S25 2359 (S) d - - - 93 
PEI25-S12.4-A1212.4-P0.2 1170 (S) d 948 (A12) - 17 (P) 76 
PEI25-QsI2.5-D22.5 e 167 (QsI) - 1051 (D) - 88 
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PEI25-QsI5-D20 e 333 (QsI) - 936 (D) - 91 
PEI25-QsI8.75-D16.25 e 583 (QsI) - 759 (D) - 94 
PEI25-QsI12.5-D12.5 e 833 (QsI) - 586 (D) - 96 
PEI25-QsI6.25-B0.25 e 417 (QsI) - - 14.6 (B) 86 
PEI25-QsI2.5-D22.25-B0.25 e 167 (QsI) - 1039 (D) 14.6 (B) 90 
PEI25-QsI12.5-D12.25-B0.25 e 833 (QsI) - 572 (D) 14.6 (B) 82 
a
 for 1000 mg PEI
 
25 000 in the feed, except for samples PEI750-A1225 and PEI750-QsI12.5-A1212.5-
B0.25, where 1000 mg of freeze-dried PEI 750 000 were used. b A second fraction, representing a yield 
of 16% and 42%, PEI25-A1225 and for PEI750-A1225, respectively, was obtained by precipitation of the 
DMF/Et2O/pentane solution in water, followed by centrifugation and freeze-drying. c from a stock 
solution of F2 in DMF (1 mg/mL). d S was assumed to have a content of active matter of 50 wt% (see 
Chapter 5). e These polymers were purified by precipitation in Et2O instead of the pentane/Et2O 
mixture (see experimental section, chapter 3, method 1). 
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Appendix C: Hydrolytic stability of an 
amphiphilic PEI 
This study reports the stability of a functionalized PEI (PEI25-QI20-A125) in water at 3 
different temperatures: 4°C, room temperature (20-25°C) and 60°C. The polymer used in this 
study is a PEI derivative prepared with waterfree PEI 25 000, whose primary amine groups 
were modified with cationic (QI, 20% repetitive units) and hydrophobic groups (A12, 5% 
repetitive units). The stability of the functionalized PEI was analyzed via NMR spectroscopy. 
C.1 Results and discussion 
PEI25-QI20-A125 was kept in water at 3 different temperatures: 4°C, room temperature (rt, 
20-25°C) and 60°C. For a qualitative analysis of the degradation of the functionalized PEI, via 
NMR spectroscopy (Figure 69), it can be first noticed that at 4°C no degradation was 
observed and that the changes observed at rt after 5 d are not significant. After 24 d, the signal 
at 3.7 ppm increases slightly and the PEI signal shifts to lower feld. However, at 60°C, 
degradation of the functionalized PEI is fast, after 2.1 d, many signals start to decrease in 
intensity and new signals appear. The biggest changes were observed in the glycerol units. 
After 5 d some new signals are clearly observed at 2.83, 2.96 and between 3.45 and 3.60 ppm. 
These changes are the proof for a hydrolytic degradation of the polymer, especially of the 
urethane groups. The change of PEI signals is still unclear; however a broadening of the 
signals occurs. Broadening of the signal of the alkyl chains is observed, too. 
Few signals are suitable for a quantitative analysis of the hydrolysis of functionalized PEI. 
The signal 13’X (13’A and 13’Q) was chosen for the following reasons: (i) the atom is in the 
center of the glycerol unit (ii) the signal does not overlap with any other signal. The chemical 
shifts35 of CH and CH2 of the glycerol dicarbamate are between 3.9 and 4.2 ppm for the major 
isomer (at minimum 70%), and 3.67, 4.09 and 4.87 ppm for the minor isomer (at maximum 
30%). The chemical shifts of CH and CH2 groups of glycerol monocarbamate are at 3.36, 3.61 
and 3.93 ppm for the major isomer, and 3.48 and 4.55 ppm for the minor isomer (Figure 68). 
The chemical shifts of CH and CH2 groups of glycerol are between 3.2 and 3.6 ppm. The 
signal of the terminal methyl group of the alkyl chain was chosen (signal 28A) as reference; 
since the alkyl chain does not undergo any degradation during the whole experiment. 
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Figure 68. Structures of glycerol and its mono- and dicarbamates. 
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Figure 69. 1H NMR spectra of PEI25-QI20-A125 in D2O: (a) at 4°C, (b) at rt, (c) at 60°C after 0 d 
(points), 2.1 d (dashed line), 5 d (line) and 24 d (points-dash line, only rt). 
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Figure 70. Degradation of the minor isomer of glycerol dicarbamate of PEI25-QI20-A125 in water 
(conc. 50 mg/mL) at 4°C (line), at rt (dashed line) and at 60°C (points). 
It was possible to quantify the extend of reaction of the minor isomers of the glycerol 
dicarbamate in the polymer by comparing the ratios of the integrals at 2.1, 5 and 24 days to 
those at time 0. As the degradation of the major isomers was not evaluated and as the kinetics 
of both isomers is probably different, the values presented in this study are not representative 
and are probably higher than those expected for the whole polymer. The reactivity of the 
carbamate of a secondary alcohol is expected to be higher. A relative error that can be as high 
as 20% should also be considered.36 After 5 d, the degradation of the glycerol units at 4°C, rt 
and 60°C reached 9%, 22% and 75%, respectively (Figure 70). After 24 d at rt, the 
degradation reached 36%. 
Degradation mechanisms. Different mechanisms are proposed and can be gathered into 
two groups: (i) hydrolysis of the urethane groups (pathways a1 and a2, Figure 71), (ii) 
aminolysis of the urethane groups induced by residual amine groups in PEI (pathways b1, b2, 
c1 and c2, Figure 72). In the second group, two subgroups can be distinguished whether the 
products of the aminolysis are a urea and an alcohol (b1 and b2) or a urethane and an amine 
(c1 and c2). In each (sub)groups, either the urethane groups adjacent to the PEI (a1, b1, c1) or 
the urethane groups attached to the function (a2, b2, c2) were converted. 
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Figure 71. Hydrolysis of a functionalized PEI. 
(i) Hydrolysis of a given material is dependent on the inherent stability of the functional 
groups and the accessibility of the functional groups to water. Functional groups of carboxylic 
acids or carbonic acids with a nitrogen atom are less susceptible to hydrolysis than the 
corresponding functional groups with an oxygen atom: amide groups and urethane groups are 
less susceptible than ester and carbonate groups. Polyurethanes are known to be hydrolytically 
stable and they also absorb less water than polyesters.37 However, the functionalized PEIs are 
hydrophilic and are water soluble. Therefore, the water stability of urethane groups toward 
hydrolysis could be expected to be lower when linked to PEI. The isomeric asymmetric 
glycerol dicarbamate in the functionalized PEI (Figure 71) can be hydrolyzed by the 
following two pathways: (a1) the urethane group adjacent to PEI producing PEI in addition to 
a glycerol carbamate of the functional amine – in our case the alkyl amine and the quaternary 
ammonium amine, (a2) the urethane group attached to the function is hydrolyzed first 
releasing the initial amine – in our case the alkyl amine and the quaternary ammonium amine 
– and the glycerol functionalized PEI. A further hydrolysis of the second urethane group leads 
in both pathways to the same products: primary amine of PEI, glycerol and initial amine. 
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Figure 72. Structure of the possible products of the nucleophilic attack of residual PEI free primary 
amine groups (*) on the urethane groups of a functionalized PEI. 
(ii) The aminolysis of urethane groups is another possibility for the degradation or structural 
rearrangement of functionalized PEI (Figure 72). As PEI 25 000 contains around 30-31% 
primary amine groups and only 25% of them were converted to urethane, the functionalized 
PEI contains still primary amine groups in 5-6% of the repetitive units. One of these residual 
primary amine groups might react by nucleophilic substitution with one of the two urethane 
groups: the urethane groups adjacent to PEI (pathways b1 and c1) or the urethane groups 
attached to the function (pathways b2 and c2). For the pathway b1, a urea bond is formed 
between two amine groups of the polymer and the function is released as glycerol 
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carbamate.25 For the pathway c1, a new urethane is formed by transurethanization of the 
urethane group adjacent to PEI induced by the residual primary amine group in PEI. This is 
equivalent to a rearrangement of the function from one position in PEI to another. In this case 
no degradation occurs. For the pathway b2, a urea bond is formed between PEI and the amine 
group of the function; in addition glycerol functionalized PEI is released. The result is a 
mixture of differently substituted PEIs. For the pathway c2, a new urethane is formed by 
transurethanization of the urethane group attached to the function induced by the residual 
primary amine group in PEI. The function is released as initial amine – in our case the alkyl 
amine and the quaternary ammonium amine. 
Upon degradation by hydrolysis of the urethane groups (pathways a1 and a2), the overall 
content of primary amine groups increases. Upon degradation by nucleophilic substitution 
induced by primary amine groups with elimination of alcohols (pathways b1 and b2), the 
overall content of primary amine groups decreases. Upon degradation by transurethanization 
(pathways c1 and c2), the overall content of primary amine group is constant. 
Additionally in pathways a1, a2 and c2, the functional primary amines are released. 
However, these dissolved primary amine groups behave differently than those chemically 
linked in PEI, which are in immediate surroundings of urethanes moities. The content of 
amine is critical for the determination of the mechanism and plays a role in the rate of 
degradation. It is also possible that tertiary amine groups act as catalyst for hydrolysis and 
substitution reactions. The content of primary amine groups could be determined e.g. by 
fluorescence methods.37 
C.2 Conclusions 
This study shows that functionalized PEIs are subject to degradation in aqueous media. For 
technical reasons, the degradation of the minor isomers was evaluated only. It is possible that 
the reactivity of the major isomers is different than the one of the minor isomers and therefore 
the values presented in this study are not representative. In addition, the balance of 
hydrophilic and hydrophobic units could influence the stability of the urethane groups via the 
accessibility of water. At rt and lower temperatures, the degradation is moderated and reached 
at most 22±4% after 5 days and 36±7% after 24 days. At 60°C, the degradation reached 
75±15% after 5 days. Mechanisms involving hydrolysis of the urethane groups or 
nucleophilic attack of the primary amine on the urethane groups were proposed. In order to 
limit these reactions, the primary amines can be converted to urethane by increasing the 
degree of functionalization up to 30%. This will also increase the reaction time and the 
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functionalization can be expected to be difficult due to steric hindrance. Another possibility is 
to treat the polymer at the end of the reaction with a methylation agent in order to quaternize 
all residual primary, secondary and tertiary amines. In the second case the eventual problem 
of the activity of secondary or tertiary amine is also eliminated. 
C.3 Experimental section 
Instruments. 1H NMR spectrum was recorded on a Bruker DPX-300 FT-NMR 
spectrometer at 300 MHz. Deuterium oxide (D2O) and dimethyl sulfoxide-d6 (DMSO-d6) 
were used as solvents and tetramethylsilane (TMS) served as an internal standard.  
Measurement of hydrolysis. Polymer solutions (50 mg PEI25-QI20-A125 per mL 
deuterated water) were kept without stirring at 4°C, room temperature, and 60°C. 1H NMR 
spectra of the solutions were recorded immediately after dissolution (0 d), after 2.1 d, after 5 d 
and after 24 d (only at rt). The ratio of the integrals of the signals 13’X and 28(’)A (Figure 73 
and Figure 74) were compared to the value obtained directly after preparation of the sample 
solutions (0 d). The pH of the initial solutions and the solutions after the experiments was 
ca. 9. 
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Figure 73. Structure of PEI25-QI20-A125 with NMR assignment: repetitive ethylene imine units 
(signals 1-8), primary and secondary amines (signal 9), converted primary ethylene imine repeating 
units (signals 5’-8’), proton of primary amine converted into urethane groups (10), ammonium 
building blocks (signals 11Q-20Q and 11’Q-20’Q for the protons of two positional isomers) and 
alkane building blocks (signals 11A-28A and 11’A-28’A for the protons of the two positional 
isomers). 
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Figure 74. 1H NMR spectra and assignments of PEI25-QI20-A125: (a) in DMSO-d6 (b) in D2O. (# = 
residual solvent peak, * = DMF, E = ethanol, M = methanol, X = A and Q). 
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Appendix D: Reactions of functional cyclic 
carbonates with polyamines 
Here are reported preliminary results with respect to the modification of polyamines other 
than branched PEI. Besides branched PEI (BPEI), different polyamines are available 
commercially: linear PEI (LPEI), poly(vinyl amine) (PVAm), poly(allyl amine) (PAAm), 
dentritic poly(propylene imine) (PPI), and polylysine. LPEI is a linear polymer that contains 
only secondary amine groups. PVAm has only primary amino groups linked directly to the 
polymer backbone. PAAm has only amino methyl groups attached to the main chain. PPI is a 
dendrimer and contains only tertiary and primary amine groups. Different structure of 
polylysine are available or can be synthesized: α-poly(L-lysine), ε-poly(L-lysine), branched 
poly(L-lysine).38 
The first results in the modification of PVAm, PAAm and a polylysine with different 
functional cyclic carbonates will be presented in the following. 
D.1 Functionalization of poly(vinyl amine) 
Poly(vinyl amine) (PVAm) is a polyamine obtained by homopolymerization of N-vinyl 
formamide and subsequent hydrolysis of the formamide moiety.1 The hydrolysis of the 
poly(N-vinyl formamide) can be done either in basic or in acidic aqueous solutions.39 
Modifications of PVAm were already reported and involve e.g. N-alkylation with alkyl 
halides,40 amidation with substituted benzoic acids,41 or formation of aminal moieties by 
reaction with aldehydes.42,43 In this work, two different grade of PVAm were obtained from 
BASF. Lupamin 1595 and Lupamin 9030 with a polymer content of 13–18 and 10–15 wt.% 
in water, a molecular weight of ca. 10 000 and 300 000 g/mol, and a hydrolysis grade >90% 
and of ca. 30%, respectively, were used. Their reaction with cyclic functional carbonate QsI 
and dicarbonate coupler were investigated in four experiments (Figure 75 and Figure 77). The 
polymer content of the solutions was not checked. Data provided by the producer were used 
to calculate the expected degree of functionalization. 
 Appendixes 165 
 
NH2
om
NH
O
H
NH2
om
NH
O
H
n
NH
R
O
O N
OH
O
O N
OH
I
I
R:
N
O
O
O
I
QsI
water
Lupamin
 
Figure 75. Functionalization of a PVAm with cationic cyclic carbonate QsI. For conditions, see text, 
experiments (i–iii). 
(i) Lupamin 9030 was reacted at 70°C with ca. 2 eq. of cationic carbonate coupler QsI per 
repetitive unit in water at pH 10 (~ 1.3 mmol cyclic carbonate per mL of solvent). The 1H 
NMR spectrum after 18 h does not show the typical signals for the formation of the urethane 
linking the functional propyl group. Only signals of the hydrolysis product of QsI and the 
unchanged polymer (PVAm9030-1) were detected. 
(ii) Freeze-dried Lupamin 1595 was reacted at rt with ca. 0.2 eq. of cationic carbonate 
coupler QsI per repetitive unit in deuterated water (~0.6 mmol cyclic carbonate per mL of 
solvent). After 20 h, the 1H NMR spectrum shows the typical signals for the formation of 
desired product, but ca. 40% QsI was still not converted and signals for hydrolysis product 
were detected, too. Therefore a portion of Lupamin 1595 was added to the reaction in order to 
obtain full conversion of the functional cyclic carbonate. The 1H NMR spectrum of the 
obtained polymer (PVAm1595-1) shows the typical signals for the functional propyl group 
linked to an amine via a urethane moiety. A ratio of urethane to hydrolysis product of 68/32, a 
degree of functionalization of 14% of repetitive units, and a ratio of the major/minor isomers 
of 72:28 were determined by comparison of the 1H NMR integrals of the signals for the 
methylene groups of the polymer backbone (signals 1, 1’, and 1’’), the formamide proton 
(signal 5) and the central CH group of the propyl chain (signals 8 and 8’ for both isomers of 
the product and signal b for hydrolysis side product; NMR data not shown). 
(iii) The commercial aqueous polymer solutions Lupamin 1595 was reacted at rt for 20 h 
with ca. 0.1 eq. of cationic carbonate coupler QsI (~0.4 mmol cyclic carbonate per mL of 
solvent) yielding after freeze-drying a white solid, which was characterized by 1H NMR 
spectroscopy (Figure 76). The characteristic chemical shifts for the functionalized propyl 
groups (7–9 and 7’–9’ for both isomers) are observed and differ from signals of hydrolyzed 
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carbonate (a–c) and from unreacted QsI (see chapter 2). The weak intensity of the hydrolyzed 
product and their overlapping with signals of modified polymer does not allow a correct 
integration. However, by comparison of the integrals of the signals for the methylene groups 
of the polymer backbone (signals 1, 1’, and 1’’), the formamide proton (signal 5) and the 
central methyne group of the propyl chain (signals 8 and 8’ for both isomers), a ratio free 
amine/urethane/formamide (m/n/o) of 69:12:19 and a ratio of isomers major/minor of 73:27 
were found. For comparison purpose, a ratio free amine/formamide (m/o) of 81:19 was 
calculated for Lupamin 1595 (spectrum (a), Figure 76). The degree of functionalization (12%) 
is in good agreement with the expectation (ca. 10%). 
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Figure 76. 1H NMR spectra and assignments of (a) Lupamin 1595 and (b) PVAm1595-QsI10 in D2O (# 
= residual solvent peak, F = formate). 
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Figure 77. Modification of a Lupamin 1595 with dicarbonate coupler to prepare a polymer bearing 
five-membered cyclic carbonate side groups. 
(iv) Lupamin 1595 aqueous solution (pH 9) was reacted at rt in THF/water with ca. 1 eq. 
dicarbonate coupler (~0.08 mmol per mL of solvent). After extraction with Et2O, an 
unmodified poly(vinyl amine) with traces of glycerol carbonate (PVAm1595-2), and 
dicarbonate coupler with traces of phenol in the (ratio 95:5) were isolated. 
Difficulties were encountered for the functionalization of PVAm: the main problem is the 
insolubility in organic solvent which limits functionalization with water soluble functional 
cyclic carbonates or application of water/organic solvent mixtures. In the last experiment, the 
concentration required for a homogenous one phase solution was so low that no reaction was 
observed after one day. Even in reactions in aqueous media with water soluble cationic cyclic 
carbonate QsI, only 12–14% of the repetitive units were converted to the urethane moieties. If 
more cyclic carbonate was given to the reaction, it was hydrolyzed. 
D.2 Functionalization of poly(allyl amine) 
Several reactions with PAAm were investigated: (i) and (ii) with QsI (iii) with A12. 
(i) PAAm aqueous solution and 0.25 eq. of QsI (conc. carbonate groups: 0.15 mmol per mL 
of solvent) were stirred under reflux for 15h yielding a PAAm-1, which is not completely 
soluble in D2O. The 1H NMR spectrum of the soluble part clearly shows the signals of the 
hydrolysis side-product 1 but does not show any expected signal of the the desired product. 
However, the polymer is not unchanged: an additional signal (3”) was assigned to the α-
methylene group of a urea moiety formed by the reaction of two primary amine groups with a 
carbonate coupler yielding hydrolysis product 1 (Figure 78). One can assumed that the 
intramoleculare formation of eight-ring membered urea between two adjacent repetitive units 
is not favoured over an intermolecular reaction. 
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Figure 78. 1H NMR spectra and assignments of (a) PAAm and (b) PAAm-1 in D2O (# = residual 
solvent peak). 
HO N
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1 
(ii) The water of PAAm aqueous solution was exchanged with deuterium oxide in order to 
monitor the following reaction via NMR spectroscopy. The polymer was reacted with 1 eq. of 
QsI in 1.1 mL D2O in NMR tube (conc. carbonate groups: 1.6 mmol per L of solvent). The 
sample was heated to 65°C until complete dissolution and the first 1H NMR spectrum was 
recorded. A second and a third spectrum was recorded after 16 h at 65°C and after 7 h at 
100°C, respectively (Figure 79, last spectrum not shown). In the spectrum (a), the carbonate 
has still not been fully converted (signal f–i) and signals of the hydrolysis product are also 
detected (signal a–d). However, the signal 3 of the α-methylene group of unreacted allyl 
amine repetitive units disappeared, meaning that all primary amines were already converted 
either to urethane or urea moieties. In the second spectrum (b), the carbonate coupler has fully 
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reacted. The ratio QsI/product/1 was obtained by integration of the signals g, 8’, 8 and b and 
values of 5:59:36, 0:59:41, were obtained for the both spectra (a and b), respectively. In the 
last spectrum the ratio QsI/product/1 was 0:44:56. Finally the ratio major/minor of both 
isomers was also calculated for the three spectra: 30:70, 16:84, and 10:90. Even if all primary 
amines were converted, the product is still not stable in water and it seems that the minor 
isomer is less stable than the major one. 
8 7 6 5 4 3 2 1 0
8 7 6 5 4 3 2 1 0
7(')
δ [ppm]
#
8' 8
a
9(')
10(')
3?
O
O N
OH
O
O N
OH
I
I7
8
9 10
6
8'
9' 10'
6'
7'
R:
NH
R
NH2
nm
1
3
2
1'
3'
2'
4 5
HO N
OH I
a
b
c d
NH
o
1''
3''
2''
O
NH
1''
3''
2''
4''
5''
N
O
O
O
I
f
g
h i
e
QsI 1PAAm-2
(b) b c
3'
3''
d
1',2'
1'',2''
(a) 8'
#
8
b
f 7
(
'
)
a
h
9(')
c 3'3''
10(')
   i
d
1',2'
1'',2''
g f h
3?
 
Figure 79. 1H NMR spectra and assignments of the reaction of PAAm with QsI in D2O (a) after 
dissolution, (b) after 16h at 65°C (# = residual solvent peak).  
(iii) PAAm was reacted at 80°C with 0.25 eq. A12 in water/THF (conc. carbonate groups: 
0.23 mmol per L of solvent). After removing the solvents, the polymer PAAm17-A1225 
showed no trace of hydrolysis product and the degree of functionalization was calculated by 
comparing the signals in the area 3.50–5.05 ppm (5H of glycerol unit) and the signals in the 
area 0.30–2.00 ppm (23H of the alkyl chain + 3H per repetitive unit) of the 1H NMR spectrum 
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in CDCl3 at 50°C (Figure 80, (a)). A degree of functionalization of 26% was found, in good 
agreement with the expectation. 
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Figure 80. 1H NMR spectra and assignments of PAAm17-A1225 (a) in CDCl3 at 50°C, (b) in DMSO-d6 
at rt (# = residual solvent peak, T = THF, * = water, + = TMS). 
Reactions with PAAm are versatile: if it is possible to prepare quite easily an 
hydrophobized PAAm with dodecyl chains, great difficulties are encountered in the reaction 
with the cationic functional carbonate QsI. Hydrolysis of the cylic carbonate to the diol and 
intermolecular or/and intramolecular side reaction yielding urea groups are observed. 
D.3 Functionalization of polylysine 
Lysine contains two different primary amino groups, in α and in ε positions. Both α- and ε-
polylysines are known.44 The preparation of hyperbranched polylysines has already been 
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reported.38,44 The polylysine used in this study was received as a water solution and is a 
research product of BASF. It has a solid residue of 52.5% after freeze-drying and 1H NMR 
spectra in DMSO and D2O show chemicals shifts of impurities which were not assigned 
(Figure 81). By comparing the integral of the signal 6’ with the integral of the signals 3(’)–5(’) 
it was found that ca. 33% of the repetitive units have a free primary amine in the position ε. 
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Figure 81. 1H NMR spectra and assignments of polylysine: (a) in D2O and (b) in DMSO-d6 (# = 
residual solvent peak, * = water). 
The functionalization of polylysine with both cationic and hydrophobic functional cyclic 
carbonates in the ratio 1:1 were investigated. 
(i) Freeze-dried polylysine was dissolved in DMSO-d6, filtered in order to remove the 
insoluble part, and reacted at 60°C with 0.125 eq. QI and 0.125 eq. A12. After 18 d, the 
conversion of the carbonate couplers reached only 80%. 
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(ii) In the second reaction, polylysine was in the same conditions as the previous 
experiment but less functional carbonate couplers: with 0.075 eq. QI and 0.075 eq. A12. After 
11 d, the conversion of the carbonate couplers was complete and the product was isolated by 
precipitation to give the amphiphilic modified polylysine PL-QI7.5-A127.5 in very good yield. 
It still contains traces of solvents such as DMSO, methanol, acetone, and water. But no cyclic 
carbonates or their hydrolysis products were observed in 1H NMR analysis. However, all the 
characteristic chemical shifts for the disubstituted glycerol unit (signal 12X–14X and signal 
12’X–14’X for the major and minor isomers, respectively), for the trimethyl alkyl ammonium 
group (19Q and 20Q), and for the dodecyl chain (19A–28A) were observed. The intensity of 
the chemical shifts for the methylene group (signal 6’) or the methyne group (signal 2) 
adjacent to the primary amines of polylysine are strongly attenuated. Further analysis of the 
polymere was done by comparison of the integrals of the area between 0.60 and 1.95 ppm (3 
× CH2 per repetitive units of the polymer backbone + 23H of the alkyl chain + 2H of the alkyl 
trimethyl ammonium groups) with those of the signals 13’X (1H of the minor isomers of the 
glycerol units) and 28(’)A (CH3 of the alkyl chains). It was found by assuming that the 
polymer was modified in an equal ratio with QI and A12 that the degree of functionalization 
reached 48% and is higher than the expected value (15%). A ratio of isomers major/minor of 
71:29 was found. The high discrepancy of the degree of functionalization can be attributed to 
different reasons: content of polylysine lower than expected in the solution, presence of salt 
and residual water in the freeze-dried polymer, inaccuracy of the NMR measurements 
especially the integrations of the different signals. 
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Figure 82. 1H NMR spectra and assignments of (a) PL-QI7.5-A127.5 and (b) filtered polylysine in 
DMSO-d6 (# = residual solvent peak, * = water, D = DMSO, M = MeOH, + = Acetone, X = A and Q). 
D.4 Conclusions 
The concepts of reaction of functional cyclic carbonate with low molecular weight amine or 
PEI can be transfer only with difficulties to other polyamines. Several problems emerged: 
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PVAm is soluble only in water; and even in water with water soluble functional cyclic 
carbonates only 12 to 14% of the repetitive units (ca. 15–18% of the free amine groups) can 
be converted. PAAm can be quite easily hydrophobized with A12 in water/THF but cannot be 
functionalized with cationic functional cyclic carbonate. Side reactions occur and may involve 
the formation of urea derivatives, when QsI is used. The low purity grade of PVAm and PL 
could be a major inconvenient in this study. Effect of the pH for reaction in water has not 
been studied in this work. It is strongly suggested to determine the real content of free amine 
groups of these polymers. In order to seal this end on a positive note, each polymer was at 
least successfully functionalized with one or two functional cyclic carbonates until complete 
consumption: PVAm with QsI in water, PAAm with A12 in water/THF and PL with QI and 
A12 in DMSO. 
D.5 Experimental section 
Materials. Dimethyl sulfoxid (DMSO, Riedel de Haën) was used as received. Poly(allyl 
amine) (PAAm, ~20% aqueous solution, Mw ~1.7 × 104, Aldrich), two grades of poly(vinyl 
amine)s (PVAm) (a) Lupamin 1595 (~13–18% aqueous solution, Mw ~1.0 × 104, hydrolysis 
grade >90%, BASF) (b) Lupamin 9030 (~10–15% aqueous solution, Mw ~3.0 × 105, 
hydrolysis grade ~30%, BASF), and polylysine (PL, ~50% aqueous solution, research 
product, BASF) were used as received. The polymers were in some cases freeze-dried before 
use. 
Instruments. 1H and 13C NMR spectra were recorded on a Bruker DPX-300 FT-NMR 
spectrometer at 300 MHz and 75 MHz, respectively. Dimethyl sulfoxide-d6 (DMSO-d6), and 
deuterium oxide (D2O) were used as solvents and tetramethylsilane (TMS) served as an 
internal standard. 
Synthesis. Functionalization of Lupamin 9030 with 2 eq. QsI (PVAm9030-1). Cationic 
carbonate coupler QsI (1.180 g, 4.11 mmol) was added to a Lupamin 9030 aqueous solution 
(3.44 g of solution, ~ 1.4–2.5 mmol repetitive units, ca. 30% of which are hydrolyzed). The 
solution was stirred at 70°C for 18 h and analysed by NMR spectroscopy. Only signals of the 
hydrolysis product of QsI and the unchanged polymer (PVAm9030-1) were detected. 
Functionalization of Lupamin 1595 with 0.17–0.23 eq. QsI (PVAm1595-1). To a freeze-
dried Lupamin 1595 (prepared from 414 mg of aqueous polymer solution, 1.2–1.6 mmol 
repetitive units) dissolved in D2O (1.0 mL) was added the functional carbonate QsI (175 mg, 
0.61 mmol) and stirred for 20 h. An aqueous solution of Lupamin 1595 (495 mg, 1.4–1.9 
mmol repetitive units, ca. 90–95% of which are hydrolyzed) was added and the solution was 
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stirred additionally for 1d and freeze-dried to yield a colorless solid (PVAm1595-1, 370 mg). A 
ratio of urethane/hydrolysis product of 68/32, a degree of functionalization of 14% of 
repetitive units, and a ratio of the major/minor isomers of 72:28 were determined by 1H NMR 
spectroscopy (see Results section for details). 
Functionalization of Lupamin 1595 with ca. 0.1 eq. QsI (PVAm1595-QsI10). Cationic 
carbonate coupler QsI (1.000 g, 3.48 mmol) was added to a Lupamin 1595 aqueous solution 
(10.00 g of solution, ~ 28–39 mmol repetitive units, ca. 90–95% of which are hydrolyzed). 
The solution was stirred at rt for 20 h and freeze-dried to yield 4.38 g colorless solid 
(PVAm1595-QsI10). A ratio of urethane product/hydrolysis product of 68/32, a degree of 
functionalization of 14% of repetitive units, and a ratio of the major/minor isomers of 72:28 
were determined by 1H NMR spectroscopy. A ratio free amine/urethane/formamide (m/n/o) of 
69:12:19 and a ratio of isomers major/minor of 73:27 were found by 1H NMR spectroscopy. 
Functionalization of Lupamin 1595 with dicarbonate coupler (PVAm1595-2). To a 
solution of dicarbonate coupler (700 mg, 2.94 mmol) in THF (28 mL) were added water 
(10 mL) and Lupamin 1595 aqueous solution (1.00 g of solution, ~ 2.8–3.9 mmol repetitive 
units, ca. 90–95% of which are hydrolyzed). The solution was stirred at rt for 18 h. After 
addition of Et2O, the solution was filtered and separated. The aqueous phase was extracted 
with Et2O and freeze-dried to yield 347 mg colorless solid containing a unmodified poly(vinyl 
amine) with traces of glycerol carbonate. The organic phases were gathered and dried over 
MgSO4. Solvents were removed by distillation (~20 mbar, 40 °C) to recover 700 mg 
dicarbonate coupler and phenol in the ratio 95:5 according to 1H NMR spectroscopy. 
Functionalization of PAAm with 0.25 eq. QsI (PAAm-1). To a PAAm aqueous solution 
(1.00 g of solution, ~3.50 mmol allyl amine repetitive units) was added a solution of the 
functional carbonate QsI (251 mg, 0.875 mmol) in water (5 mL). The solution was stirred 
under reflux for 15 h. After cooling at rt, the polymer solution was precipitated by addition of 
5 mL THF. The upper part was removed and the the residue was freeze-dried to yield a 
yellowish sticky solid (PAAm17-QsI25, 350 mg). 
Functionalization of PAAm with 1 eq. QsI (PAAm-2). Water of PAAm aqueous solution 
(508 mg of solution, ~1.79 mmol allyl amine repetitive units) was exchanged with D2O by 
freeze-drying and dissolving in D2O (1.5 mL). After the 3rd freeze-drying step, the polymer 
was dissolved in 0.6 mL D2O. To the polymer solution disposed in a NMR tube, QsI 
(513 mg, 1.79 mmol) was added. The tube was heated at 65°C until complete dissolution of 
the functional carbonate and a 1H NMR spectrum was recorded. The polymer was not 
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purified. A second and a third spectrum was recorded after 16 h at 65°C and after 7 additional 
h at 100°C. The polymer (PAAm17-QsI100) was not isolated. 
Functionalization of PAAm with A12 (PAAm17-A1225). To a PAAm aqueous solution 
(1.00 g of solution, ~3.50 mmol allyl amine repetitive units) was added the functional 
carbonate A12 (288 mg, 0.875 mmol) and THF (3 mL). The solution was stirred at 80°C for 
18 h. After evaporation of the solvents, a sticky colorless solid was obtained (PAAm17-A1225, 
0.55 g, quantitative yield). 
Functionalization of polylysine with 0.125 eq QI and 0.125 eq A12 (PL-1). To a filtered 
solution of freeze-dried polylysine (500 mg, 3.9 mmol repetitive units) dissolved in DMSO-d6 
(5 mL) was added the functional cyclic carbonates QI (189.3 mg, 0.488 mmol) and A12 
(160.6 mg, 0.488 mmol). The solution was stirred at 60°C for 18 d and the conversion of the 
cyclic carbonates was monitored by 1H NMR spectroscopy.  
Functionalization of polylysine with 0.075 eq QI and 0.075 eq A12 (PL-QI7.5-A127.5). 
To a filtered solution of freeze-dried polylysine (800 mg, 3.9 mmol repetitive units) dissolved 
in DMSO (5 ml) were added the functional cyclic carbonates QI (189.3 mg, 0.488 mmol) and 
A12 (160.6 mg, 0.488 mmol). The solution was stirred at 60°C for 11 d and the conversion of 
the cyclic carbonates was monitored by 1H NMR spectroscopy. The solution was cooled at rt 
and the polymer was precipitated by pouring the solution into acetone (25 mL). A clear 
orange solution was removed by decantation. The polymer was dissolved in water/MeOH 
(3:1, 10 mL) and freeze-dried to yield viscous oil (1.135 g, quantitative). 
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